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SECTION I.O 


SUMMARY 


The study of the attenuation of low frequency noise by turbines was 
the purpose of this NASA Lewis Research Center Program (NAS3-19435) . The 
program objectives were to experimeata] ly determine the acoustic trans- 
mission loss through aircraft-engine- type turbines as a function of the 
acoustic wave frequency; and to compare the results with an existing theory 
in order to assess the validity of the theory. 

The blaue-row attenuation data were obtained from acoustic tests on 
typical high pressure and low pressure turbines run over a full range of 
turbine speeds and pressure ratios. A siren was used to simulate combustor 
noise . 

The transmission loss spectrum determined from the turbine tests fell 
into three well-defined regions from 0 to 3500 Hz. A mid-frequency region 
extends from 200 to 1200 Hz, where the attenuation remains relatively 
constant. The attenuation on either side increases rapidly, suggesting a 
bathtub shape. The very low frequency region, below 100 Hz, could be 
controlled by the effect of propagation through the varying-area blade 
passages which carry an accelerating flow. The increase in attenuation for 
frequencies above 1500 Hz is attributed to the physical blockage presented 
by the turbine blades as the wavelength approaches the blade size. The 
bathtub floor region apparently is controlled by the mechanism used in the 
actuator disk theory. This region spans the frequencies of primary interest 
for combustor noise. 

Salient results from this investigation on both high and low pressure 
turbines showed that for the bathtub floor; 

• The blade-row attenuation increases with pressure ratio until 
choking occurs. After choking, the attenuation remains virtually 
constant for that given stage. 

• The effect of turbine speed on attenuation is insignificant for 
any given turbine. 

• The inlet temperature effect is not di8cern^ble if flow triangles 
are maintained constant. 

• The addition of downstream stages increases the attenuation, but 
by a smaller amount than predicted by isolated blade-row theory. 

A clearer understanding of source-noise components vrlll be achieved 
from the information gained on this program, which will enable better 
prediction of the combustor noise transmitted through the turbines to the 
fa»*f leld . 
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SECTION 2.0 


INTRODUCTION 


Th« acouHtic churactcrititlcR of combufitlon noiso for advanced, low 
l>oliutl’,iK combu«tor« arcs now being det«r«in*d. Other re»e«rcher* are 
conductinR aouree-nolse Inveetlgatloni as evident In References 1 througls 
In order to apply this acoustic Inforraation to real engine noise estimates, 
it is necessary to know how much of the combustion noise is transmitted 
through the turbine. External engine measurements Include a combination of 
source and transmission effects. The need for understanding what happens 
to combustor noise as it passes through the turbine is an essential part of 
source-nolse reseorch. This program fills that need and the results are 
added to the growing data bank of information available for updating core 
noise prediction theories and improving engine noise estimates. 

This final report documents the wotk performed by the General Electric 
Company for the NASA-Lewls Research Center on Contract NAS3-19435, "A Pro- 
gram for Measuring the Noise Transf r * Functions Through Aircraft Engine 
Turbines”. 

The objectives of this experimental program were to obtain data on the 
acoustic transmission loss through aircraft-englne-type turbines as a func- 
tion of the acoustic wave frequency, and to compare these data with theory 
in order to assess the v.-jlidity of the theory. 

The theoretical prediction routine (Reference 6) for low frequency 
noise attenuation through blade rows was employed to conduct a parametric 
evaluation of the aero-acoustic parameters which showed the largest influence 
on the attenuation, and to obtain levels for comparison with data generated 
by two turbine test series. 

Acoustic tests were conducted on a high pressure turbine (single- 
stage) to Investigate effects of different Inlet temperatures and of blade- 
row choking on the attenuation. 

A second series of tests was conducted on a low pressure turbine, tested as 
a three-stage machine and then as a single-stage alone to investigate the 
effects of additional stages and of blade-row choking on the attenuation. 

Comparison of the test results with the predicted attenuations served 
to determine the accuracy of the existing theory and its limitations. 
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SECTION 3.0 


DESCRIPTION OF TESTS 


3. 1 DEFINmON/SELli CTION OF CONFI CURATIONS 

r rjt? in f'i ' n : . ^-n w ^ Mi— np ii i ■i»ii iiiMWfc»ai»J— mwea— d— — ttiwk— ■ ' 


TIh' ncouHClc tiSHts pc>rformcd under this controct to meet the program 
obJeetlve« were defined as shown In the flow chart o^' Figure 1. Selection 
of representative turbines was made based on the availability ond applica- 
bility of existing vehicle hardware to fulfill the program objectives. 


3.1,1 High Pressure Turbine 

The NASA core high pressure turbine was selected for this program 
based on Its capability of being operated at different inlet temperatures. 
This single-stage core turbine Is typical of the present-day high pressure 
turbine (HPT) technology. A cross section of the NASA core turbine is 
Illustrated In Figure 2. The hardware used was model-Bise with a 50.8 cm 
rotor-tip diameter. 


3,1.2 how Pressure Turbin e 

The selectlo.i of che Highly Loaded Fan Turbine (HLFT-IVA) was based on 
the turbine's capability of being operated as both « single- and three- 
stage machine. This low pressure turbine (LPT) Is a highly loaded design 
with a large number of blades in all three stages, it is part of an ongoing 
research and development program at General Electric and, as such, represents 
advanced technology in fan turbine design. Figure 3 show? a cross section 
of the three-stage build. Removal of the last two stages and replacement 
of the exhaust inner and outer casings yield the single-stage build illus- 
trated in Figure 4. 


3.2 TEST FACILITY 


3,2.1 Warm Air Turbine Facility 

Testing of the high and low pressure turbine vehicles was conducted in 
the General Eleclric Company's warm air turbine facility (see Figure 5) 
located at the Aircraft Engine Group's plant in Evendale, Ohio. This 
facility can accommodate turbine configurations ranging from a minimum hub 
diameter of 35.6 cm up to a maximum tip diameter of 81.3 cm with operational 
capabilities up to 11,185 kW at 15,000 rpm. 

Air can be supplied to the turbine at conditions up to 36.29 kg/sec, 

866 K and 1034,1 kN/m^ absolutes This air is delivered from the Central Air 
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Waim Air Turbine Facility. 


Supply Sytcem o£ the Component Test Complex* consisting of an arrangement 
of five multistage centrifugal compressors driven by synchronous motors 
through speed-increasing gears. Staging these compressors in series or 
parallel* or using them a*' exhaustors provides the various modes of opera- 
tion normally required for turbine testing. The compressor discharge air 
can be directed through various auxiliary systems* providing sir that is 
filtered to 10-mlcron particle size* dried to minus 22.5 K dewpoint* heated 
indirectly with steam to 450 K* or heated Indirectly with natural gas to 
866 K* depending on turbln^i requirements. The tests conducted urier this 
NASA program were run at conditions of 275.8 an** 389.5 kN/m^ absolute Inlet 
total pressure* and at Inlet temperatures ranging from 422 to 783 K* which 
are well within the normal opsiatlng ranges of the facility. 

After leaving the air heater* the air passes through a porous metal 
filter* a flow-atralghtenlng section* and a circular-arc venturi before 
entering the cell inlet piping system. The circular-arc venturi -provides 
an accurate measurement of the inlet airflow rate. Prior to entering the 
vehicle Inlet* the air passes through a 45.7 cm hydraulically actuated 
butterfly valve used for emergency shutoff* and then an Inlet plenum which 
contains flow-stralghtenlng screens and egg crates which were specially 
designed to smooth out flow disturbances and provide a uniform stream to 
the test vehicle. The inlet plenum bolts directly to the vehicle forward 
frame* and Is located on a wheeled dolly for rapid removal to access the 
vehicle Inlet. 

Air enters the first-stage nozzle through a convergent bellmouth sec- 
tion. Turbine discharge air leaves through a constant annular passage and 
expands into a discharge plenum designed to provide a uniform circumfer- 
ential pressure distribution. As the air exits the vehicle it is discharged 
into a large exhaust scroll. A 1.067 meter exhaust pipe leaves the exhaust 
scroll and ducts the discharge air back to the vacuum header in the Central 
Air Supply System, 

The generated turbine horsepower is extracted by means of a high speed 
waterbrake coupled to the turbine shaft by flexible couplings and a short 
spool piece. This waterbrake design provides excellent speed stability 
throughout the entire turbine operating map. 

For protection against overspeed and excessive temperature or vibra- 
tion* a two-lfcvel trip system is used. The Level 1 trip is signaled by an 
overspeed. The Level 2 trip is signaled by excessive bearing temperatures 
or vibrations, or critical support system temperatures or pressures. The 
turbine facility control console is located in the Test Cell Control Room. 
All necessary controls, and critical turbine or facility-monitoring instru- 
mentation, are strategically located to enable two-operator manned control 
of the entire test facility. This feature is a direct result of the 
utilization of analog closed-loop control circuits for setting and main- 
tal!i..ng i«ll prime turbine variables. Turbine parameters of inlet tempera- 
ture, inlet pressure, speed and discharge pressure can all be maintained 
automatically at preset values. The rotor net thrust, which represents the 
axial load on the shaft due to static pressure change across the rotating 
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bladci rows. Is msinuinod within a specif Isd range by controlling the air 
pressure In a thrust balance cavity. The cavity is enslaved within the 
bearing cartridge. 


3.2.2 Siren Nolee Source 

An air-chopper siren pictured in Figure 6 was used in this program as 
( the low frequency noise source simulating combustor noise. The range of 

j frequencies for this investigation was from 70 to 3500 Hz. The siren con- 

sisted of a source of high pressure air, an electrically driven rotor 
(which interrupts the air flow at the frequency of the sound desired), and 
ports in a stator through which the air escapes. The siren was adapted to 
the warm air fsciiity as shown in Figure 7. 

The source of air was one of the air lines (620.5 kN/m^) in the test 
cell which connected to the siren chamber through a 5.1 cm inlet. The 
pressure in the siren chamber was controlled by the up.stream header pres- 
sure valves. To prevent rotor instability and excessive deflections a 
maximum AP of 137.9 kN/m^ across the rotor was maintained for the tests. 

The acoustic output of the siren is a function of the chamber pressure, and 
this maximum AP produced siren tone levels of sufficient magnitude to 
determine the acoustic transmission loss through the turbine. 

The rotor was driven by a 3.728 kW dc motor equipped with a synchro- 
nous drive speed control. A rotor disk with 20 slots was used to generate 
I tones (a combination of fundamentals and harmonics) over the desired range 

of frequencies from 70 to 3500 Hz. 

^ The aluminum stator consisted of a single disk with one slot matching 

I the rotor slots. The stator exhausted into a 6.7 cm output port which was 

I connected to a large transition section by a flexible coupling. The tran- 

sition section, resembling a large exponential horn, was used to duct the 
I siren tones into the facility plenum with a minimum of transmission loss. 

I 

i An estimate of 10 dB transmission loss through the transition section 

was made, assuming a maximum siren output SPL of 160 dB at the siren exit. 

I Measurements of the siren source level showed the peak SPL to be around 170 

^ dB, while SPL measurements from Kulites located at the turbine inlet ranged 

from 138 to 165 dB. 

The acoustic signal leaving the siren exhaust port traveled through 
the elbow shaped transition section which formed a continuous path with the 
inlet plenum access duct. The signal passed through the access duct, which 
connects radially with the facility inlet plenum upstream of the flow- 
straightening screens and egg crates, before reaching the bellmouth inlet 
of the test turbine. 

i The siren system was remotely controlled during the tests and was 

i operated unchoked to give a cleaner signal and avoid excessive flow losses. 

I Siren flow was less than 0.454 kg/sec and the chamber supply pressure was 
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maintained alightly higher ('viy.a kN/m^) than the facility planum preaeure 
to eneure no reveree flcm through the elren during each teatt 


3.3 TURBINE HARDWARE 


3.3.1 High Preaaure Turbine « 

The NASA core high preaaure turbine vehicle la a model-aiae (acale 
factor 'vo.67) turbine with a 50.8 cm rotor tip diameter capable of running 
at elevated temperaturea. Thla turbine waa uaed extenaively in the NASA- 
Lewia cooling flow program NAS3-16732. The acouetlc teata conducted under 
the low frequency nolae program uaed the aolld vane, aolid blade configu- 
ration of the turbine with no cooling flowa. The alngle-atage high prea- 
aure turbine conalata of a 36-vaned atator and a rotor containing 6A bladea. 
Other deaign character iatica are provided in Table 1, with detaila of the 
pitch-line blading in Table 2, The turbine inlet area ia 575.39 cm^ at 
the meaaurlng plane. The turbine diacharge la a atralght annular aectlon 
with an area of 562.48 cm^ at the meaaurlng plane. 


3,3.2 Low Preaaure Turbine 


The HLFT-IVA low presaure turbine vehicle can be run as either a 
single-stage or three-stage machine. The turbine Is highly loaded across 
the first two stages and contains a large number of blades In all stages. 
The blade numbers and other salient design characteristics are shown in 
Table 3. Pitch-line blade design detaila are given in Table 4. 

The low pressure turbine three-stage build, shown in Figure 3, con- 
sists of a set of 116 preawirl vanes with radial trailing edges which 
orient the flow into the first-stage stator at about a 25° angle to simu- 
late the conditions at the exit of a HP turbine. The average annulus area 
at the Inlet measuring plane is 593.58 cm^. The turbine discharge area Is 
2387.24 cm^ In the constant annular section, which Is essentially the same 
as at the exit from the third-stage rotor. 


When the LP turbine Is run as a single-stage, the last two stages are 
removed and both Inner and outer exhaust casings are replaced with differ- 
ent casings, which form a smooth transition from first-stage rotor exit to 
turbine vehicle discharge. The exhaust annulus Is straight and has an area 
of 1206.52 cm2 at the measuring planes. The rotor exit area for the single- 
stage Is 1043.55 cm2, which represents a 15% area contraction from the 
measurement plane to rotor exit plane. Figure 4 shows a schematic of the 
single-stage build. Illustrating the inlet exhaust areas. 
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Tahiti 1. High Prcwsurii Turbin* Dealgn Char«cfcurlitic*» 
(NASA Core Turbine). 


Wc. Flow Function^ 


Wjf 

P 


Loading* 

Preifure Ratio (Total) 

Speed, N/*^ 

Stator Vanea 
Rotor Blades 
Radius Ratio 

Tip Diameter (Stage Exit), (cm) 


0.81 


1.66 


1.83 

362 

36 

64 

0.85 

50.8 


Table 2. High Pressure Turbine Design Details (Pitchline), 
(NASA Core Turbine). 


e Stator Vane 

Stagger Angle (deg) 44.61 

Chord (cm) 5.35 

Blade- to-Blade Pitch (cm) 4.10 

Camber Angle (deg) 67.2 

e Rotor Blade 

Stagger Angle (deg) 24 

Chord (cm) 3,86 

Blade-to-Blade Pitch (cm) 2.31 

Camber (deg) 89.6 

a Blade-Row Axial Spacing (cm) 1.31 

s Flow Area at Acoustic Measuring Sections 

Inlet Area (cm2) 575.39 

Exit Area (cm2) % 562.48 
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Tablt 3. 1.0V Preaaurt Turbina Dtaign CharscterlattcOi 
(Highly Loadad Fan Turbina* KLFT»1VA). 

Staite 




1 

2 

1 

Overall 

Wt. Flow Function* -g- 

- 

- 

- 

1,57 

Loading* 

j;Up 


3.52 

3.12 

1.60 

2.70 

Praaaure Ratio 

(Total) 

1.73 

1.81 

1.41 

4.72 

Speed, N/i^ 


• 

- 

- 

204 

Stator Vanea 


100 

144 

140 

- 

Rotor Bladea 


206 

190 

160 

- 

Radius Ratio 


0.811 

0.735 

0.663 

- 

Tip Diaraetor (Stage Exit) (cm) 

63.55 

69.08 

73.18 

- 
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Tabu 4 


Uv Praaaura TuUlna Daaign Utiila (Pitch Lint) 
(Highly Loadtd Pan Turbina. HLPT-IVA). 


Stator Vane 
Stagger Angle 
Chord (cm) 

Blade-to-Blade Pitch (cm) 

Camber Angle 

Tnax/ Axial Chord (Pet) 

Kotor Blade 
Stagger Angle 
Chord (cm) 

Blade- to-Blade Pitch (cm) 

Camber Angle 

Tinax/ Axial Chord (Pet) 

Blade-Row Axial Spacing 
Vane-Blade Spacing (cm) 
Blade-Vane Spacing (cm) 

Flow Area at Acoustic 
Measuring Sections 
3-Rtage Rig 

Inlet Area (cm^) 
Exit Area (cm^) 

1-Stage Rig 

iuiet Area (cm^) 

Exit Area (cm2) 


Staee 


1 

mm 

2 

3 

mm 

31, 5* 

25* 

17.5* 

3.25 

2.26 

2.51 

2.40 

1.29 

1.36 

89.8* 

110.4* 

99.8* 

14.06 

9.17 

7.63 

16* 

14* 

13* 

1.44 

1.64 

1,72 

0.88 

0.99 

1.19 

112.5* 

110.3* 

83.6* 

11.10 

12.04 

9.91 

0.74 

0.86 

0.81 

0. 

84 0.91 


593.58 

2387.24 


593.58 

1206.52 


i 


3.3.3 Tufbliw yr«w«« 

Th« turbine vahlclee ere eupported by forwerd end eft frene eeeenbliee 
(eee 2 through 4) which mount directly into the eir turbine fecllity. 

The forward Irene eeeenbly coneiete of e 10-etrut frene end outer and inner 
flowpeth ceeinge. Each of the 10 etrute contelne leedlng-edgn inetruaen- 
tation elenente. Five etrute contain five totel preeeure elemente, end 
five etrute contain five totel tenpereture elenente located at centera of 
five equal annular arewe. The photograph in Figure 8 ahowa the firet-etege 
itator of the low preeeure turbine mounted to the forward frene during 
buildup of the vehicle. 

The aft frene aeeembly coneiete of a 12-etrut frene, end outer and 
inner flowpeth ceeinge. Tha aft frame mounte directly to the fecllity 
diecharge plenum. Figure 9 la a photograph of the flretatege rotor and 
laet two atagea of the low preeeure turbine mounted to th& eft Irene tac- 
tion. 


3.4 TEST MATRICES 

The acouatic teete of the component turbinee were conducted over 
rangee of conditlone with previouely mapped aerodynamic performance. The 
teete conaieted of a ntinimum of 15 teat pointa (combinaelona of preaaure 
ratloB and apeede) which were aet on each turbine buile. In addition, a 
auiflclent number of pointa were repeated in order to eetablleh the data f 

repeatability. 

The inlet abaolute total preaaure for the high preaaure turbine tcata 
wae roointained at 389.5 kN/m^ while the inlet total temperature waa aet at 
450 K for the cold inlet teat and 783 K for the hot inlet teat. The teete 
were conducted at four turbine preaaure ratios ranging from 1.6 to 3.03 and 
at four speeds ranging from 70 to 1^'.0% of deaign speed. Table 5 ahowa the 
conditiona tested along with repeat points. 

The low pressure turbine waa run in both three-stage and single-stage 
configurations. The ..nlet conditions for both runs were maintained con- 
stant at 275.8 kN/m2 and 422 K. The three-stage build of the low pressure 
turbine was tested over a range of turbine pressure ratios from 2,0 to 5.2 
and at five speeds ranging from 50 to 110% of design speed. The single- 
stage build was tested over the same range of turbine speeds but at four 
turbine pressure ratios ranging from 1.6 to 2.5. The test conditions and | 

repeat points for both builds are shown in Table 6. | 

I'i f 

The siren was operated over a range of seven speeds to establish the | 

test frequency matrix of 21 tones from 70 to 3500 Hz, (which was the range | 

of the low frequency noise investigation for this program). The matrix p 

consisted of fundamentals, second and third harmonics as shown In Table 7. | 
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FlRurv 8. m,FT-IVA Low Pressure Turbine Dulldup (C7607130) 






Figure 9. H1.FT-IVA Low Prc8»urc Turbine, 3-Stage Buildup (C7607129) 




Table 5. High Pressure Turbine Test Matrix, 
(NASA Core Turbine) 


• Design Speed, 362 

• Flow Function, wVt/P = 0.81 

• Inlet Absolute Total Pressure, PfO ® ^9.5 kN/«^ 


Cold Inlet Test 
TtO = ^50 K 

Pt0^PS2 


Hot Inlet Test 
Tto * 783 K 

^T0/PS2 


% n/v¥ 

rpm 

1.9 

2.14 

2.49 

2.68 

3.03 

rpn 

1.9 

2.14 

2.49 

2.68 

3.03 

70 

5380 

X 

X 

X 

X 

- 

7100 

X 

X 

X 

X 

- 

90 

6920 

X 

© 

X 

X 

- 

9130 

X 

X 

X 

X 

- 

100 

7690 

X 


© 

- 

X 

10146 

X 

X 

X 

- 

X 

110 

8460 

X 

© 

X 

- 

X 

11160 

- 

X 

X 

- 

X 


- Repeat Point 


Tabiu 6. Low ProBSuro Turbine Test MatriXi 
(HLFT-IVA) . 

• Design Speeds N/i/^ w 204 

• Flow Function, W»^/P - 1.57 

• Inlet Total Pressure Pjo “ 275.8 kN/in^ 

• Inlet Total Temperature, TtO ■ '^»22 K 


Pressure Ratio (Ptq/Ps2) 


% Design 
Speed 

Speed 

(rpm) 

Single-Stage Build 
1.6 1.9 2.2 2.5 

Three-Stage Build 
2.0 3.0 4.0 5.2 

50 

2100 

X 

- 

- 

- 

X 

- 

- 

mm 

70 

2940 

X 

X 

X 

- 

X 

X 

X 

- 

90 

3780 

X 

X 

© 

X 

X 

© 

X 

X 

100 

4200 

X 

® 

© 

© 

X 

X 

X 

© 

110 

4615 

X 

X 

X 

X 

X 

© 

X 

X 

- Repeat Point 










Table 7. 

Siren Tonal Frequencies 

• 



Fundamental 

2nd 

3rd 

Siren 

Siren 

Frequency 

Harmonic 

Harmonic 

Setting 

rpm 

(Hz) 

(Hz) 

(Hz) 

1 

250 

83 

1.67 ' 

250 

2 

375 

125 

250 

375 

3 

900 

300 

600 

900 

4 

1200 

400 

800 

1200 

5 

2250 

750 

1500 

2250 

6 

3000 

1000 

2000 

3000 

7 

3525 

1175 

2350 

3525 


Test points were established by adj anting the turbine discharge pres- 
sure to get Che proper turbine pressure ratio » Pto/^S 2 while holding the 
inlet conditions constant. The power absorbed by the water brake was 
adjusted by varying water flow rate to maintain the required turbine speed. 
When a pilnt was set» the siren was set to give the desired frequency and 
90 seconds of acoustic data were recorded on magnetic tape. At least seven 
Cape recordings at different frequencies were taken at each teat condition 
along with a digital reading of the aerodynamic vehicle and facility data 
prior to setting the next condition. 


3.5 DATA ACQUISITION SYSTEM 

The aerodynamic and acoustic Instrumentati^on used in the tests of both 
Che high pressure and low pressure turbines formed Che first component in 
the data acquisition system established for this program. 

The aerodynamic instrumentation was minimal in both series of tests, 
with only that necessary to establish the validity of the test condition 
when compared with existing aerodynamic performance results. 


3.5.1 Acoustic Instrumentation 

The acoustic instrumentation for these tests consisted of redundant 
pairs of Kullte pressure transducers positioned upstream and downstream of 
the turbine blade rows (see Figures 10 through 12). The attenuation across 
Che blade rows was determined from Che difference in SPL measurements from 
the upstream and downstream transducers. 

The Kullte transducer is essentially a {^eatstone bridge strain gage 
mounted on a pressure sensitive diaphragm. A direct current power supply 
(batteries) excites one side of the bridge as illustrated in Figure 13. 

The output is taken across the other side. The electrical output signal 
varies in proportion to the diaphragm pressure fluctuations. A known back 
pressure is applied to the back of the transducer diaphragm through the 
back pressure cube. The output signal can then be calibrated for the known 
power supply voltage and applied back pressure. The calibration is in 
terms of millivolts output per volt of power supply per pal increase in 
pressure on the diaphragm. During the test, the back pressure tube is 
referenced to the test vehicle section pressure to prevent over-pressuriz- 
ing the Kullte diaphragm and to maintain zero b.as. 

The upstream instrumentation consisted of four water-cooled Kullte 
transducers like the one shown in Figure 14. These were paired in two 
sets. Each set was mounted in the same axial plaqe on the outer casing 
just forward of the first stage stator and aligned axially with a 2.54 cm 
spacing between Kulltes to permit correlation analysis of the axially 
propagating signals. The Kulite pairs were displaced circumferentially 
approximately 180“ apart in both turbines. 
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A - 1043,55 cm 
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Figure 12. HLPT-IVA Low Pressure Turbine, 1-Stage Build. 
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Figure 15. Sound-Separation Water-Cooled Probe (C7507025) . 


IlIKBINt COWPONfM »tSt 

Acoiisiir SOUND sfPBRattoN 
»vATiR comtD PRoar 


P »N 40 1 ^701 - O 1«> 






& 


The downetream Inatrumentatlon for the high prcaaure turbine waa com- 
poeed of two water-cooled aound-separatlon probea (Reference 7). Each 
probe contained two Kulites aeparated by 2,54 cm apacing. Figure 15 ahowa 
a photograph of one of the probea while Figure 16 is an X-ray of the probe 
ahowing the Kulite Inatallation and cooling paaaagea. The probea were 
designed to run either pointing into the low preaaure turbine or away from 
the flow (high preaaure turbine). A wind tunnel teat verified that the 
only effect was a alight Increase In the noise floor for the latter con- 
figuration. 

For the low preaaure turbine teats, In addition to the probea, a pair 
of flush-mounted wall Kulltes were Installed In the outer exhaust casing to 
serve as a check and backup to the exhaust probes. The spacing and orien- 
tation was the same as for the upstream Kulite sensors. 

Figure 17 la a schematic showing the acoustic instrumentation locations 
for the high pressure turbine test. Note that the upstream and downstream 
circumferential locations are at different angular positions. Similarly, 
the locations of the acoustic sensors for the low pressure turbine test on 
the single and three-stage turbine builds are identified in Figure 18, 
which Is a circumferential rolled-out view of the turbine vehicle with the 
zero degree mark corresponding to vehicle top center. For the low pressure 
turbine tests the upstream and downstream sensors were aligned circumfer- 
entially. 


3.5.2 Acoustic Recording System 

The Kulite signals measured in the vehicle in the test cell were 
amplified prior to being transmitted to the recording equipment to ensure 
proper signal strength. A schematic Illustrating the general setup of the 
acoustic data acquisition system for this program is shown in Figure 19. 

All the data were recorded on magnetic tape using a Sangamo Sabre IV 28- 
chunnel recorder having a dynamic range of 48 dB and a flat frequency 
response to 40-kHz. The data acquisition and recording system for these 
acoustic tests was set up in the ac mode to record the fluctuating pressure 
measurements between 110 and 160 dB from the Kulite sensors. An end-to-end 
phase check calibration was made of the entire system while in the dc mode, 
which accounted for individual component sensitivltes and responses (i.e., 
transducer, amplifier, tape i4corder, and leadout cables). This ensured 
accurate recorded levels when the system was operated in the ac mode during 
a data run. 

An on-line calibration of the Kulite syoteros was performed frequently 
during the course of the tests to determ..r.e changes in transducer sensi- 
tivity at operating temperature, and to maximize the use of the tape recorder 
dynamic range. 

On-line data acquisition was .-conducted for a select number of upstream 
and downstream Kulite pairs during the high pre.ssure turbine tests, using 
an EMR 1510 spectrum analyzer coupled with an X-Y plotter. This permitted 
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PigiU'e 17, Acoustic Instrumentation Locations for High Pressure Turbine, 
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Figure 18, Acoustic Instrumentation Layout for Low Pressure ftirbines. 

















on-ltnc evaluation of a limited . .xmple of retulCB over the range of condi- 
tions tecited. Further sopiilatication vas introduced with the use of a 
digital Fourier transform anoiyiser (TDA 53P) for on-line analysis during 
the lov pressure turbine tests. This enabled immediate determination of 
the turbine transfer function from a greater number of Kulito pairs, and 
aino provided increased dynamic range (70 dB). The increased dynamic range 
protected against encountering the electronic noise floor if tin* recorded 
siren signal downstream of the turbine was beiow the turbine broadband . and 
required correlation techniques (sound-separation ) to separate the acour :ic 
signal from the turbulence • 


3.* DATA REDUCTION TECHNIQUES 

3.6.1 Doacriptlon of Techniques 

The noise sources to be utilized in determining the blade-row attenu- 
ation during the performance of this program Included: (1) upstream- 

generated siren tones and, (2) facility-generated broadband noise. 

The primary method of analysis of discrete tones is generally through 
narronband outospectral analysis. However, the pressure signal recorded on 
acoustic sensors in any flow environment includes not only the pressure 
perturbations associated with sound, but also those associated with the 
flow turbulence. Frequently, the flow turbulence, or "pseudosoiind". will 
mask the existing noise levels, both broadband and discrete frequency. The 
fact that the turbulence and the acoustic signal propagate with markedly 
different velocities can be used to separate the two signal components. 

This technique has been successfully developed at General Electric and is 
termed "sound-separation." 

At times, it became necessary to distinguish not only between the 
turbulence and the acoustic pressures, but also between the acoustic pres- 
sures associated with the different noise sources. For example, the noise 
measurements downstream of the turbine will include the attenuated siren 
signal, the turblne-generuted noise, and the facility noise. Distinction 
between the various sources can be achieved through the use of coherence 
analysis. 

The data reduction methods employed to meet the objectives of this 
program made extensive use of the above correlation analysis techniques. 
Coherence was used in det^.rmii,lng the blade-row attenuation of the siren 
frequencies. Cross-correlation (sound-separation) was employed to deter- 
mine the composition of upstream broadband noise in order to assess the 
feasibility of employing facility-generated noise as a vehicle for the 
noise transmis.‘iion work. 


f Spactral Analyla Ttchnlquea 


Narrowband spectral analysis consists of investigating a small segment 
of the acoustic energy using a constant bandwidth filter (for example, a 
bandwidth of 10 Hz for 0- to 5000>Hz, using an analog spcctrul analyzer) t 
Tilt* Digital Fourier Transform Analyzer permits much finer resolution, which 
trnnsiatuH into improved signal-to-nolse ratio for tones. Hence, the 
analysis here initially consisted of using high resolution narrowband 
spectra which employed bandwidths ranging from 1.0 Hz to 2.5 Hz depending 
on the frequency range (2000- to 5000-Hz). Corresponding sampling times 
ranged from 20 to 10 seconds. The results from this method proved useful 
in significantly improving the signal-to-nolse ratio of the upstream and 
downstream signals. Much of the high pressure turbine results were obtained 
from these high resolution narrowband spectra. 


a Correlation Analysis Techniques 

While spectral analysis consists of examination of a signal content in 
the frequency domain, correlation analysis may well be thought of as an 
analogous inspection in the time domain. Correlation is used to establish 
the amount of similarity or coherence between two signals. These techniques 
of analysis provide the following information: 

1. Determination of the amount of the received random signal that is 
coherent with any given noise source (Coherence Analysis) . 

2. Measurement of propagation- time-delay characteristics of a signal 
tra.ismlssion (Cross-Correlation Analysis). 

The first of these analysis techniques, coherence analysis, was used 
in the direct computation of the siren tone attenuation. The usual method 
of obtaining any transfer function amplitude as a function of the frequency 
is to divide the output power spectrum by the input power spectrum for the 
frequency range of interest, however, in this case, the turbine will add 
noise to the output power spectrum and thus bias the transfer function if 
computed by the normal means. Instead, an alternative approach uses the 
cross-spectrum between the input and output to reject that portion of the 
output power spectrum that is not related to the input. The desired trans- 
fer function then is obtained as: 

H(t) ■ G(ln minus out)/G(in. ) ( 1 ) 

where H(f) is the transfer function amplitude versus frequency, G(ln minus 
out) is the cross-spectrum amplitude, and G (in) is the input pox^er spec- 
trum. This method does not use the entire output power spectrum, only that 
part of the output that is coherent with the input. 

The second technique, cross-correlation analysis, is used to separate 
the acoustic and the turbulence spectra. In cross-correlations, one signal 
is compared with a time-delayed second signal to determine the amount of 
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■Imllarlty b«tw««n fch« two signals. For a stationary signal, tha cross- 
corralation function can bu dafintd as: 

T 

R]{y(t) ■ Lim — f gx(t) 8y(t “ t) dt (2) 

^ T J 

o 

whtra R](y is tha cross-correlation function 
T is tha integrating (averaging) time 
gx and gy are the signals 
T is the time delay or shift 

The results are displayed in the form of a graph of the similarity between 
the two signals as a function of the time delay (t) between them. For 
example, Figure 20 displays the cross-correlation between two closely 
spaced sensors located in a flow. The cross-correlation function displays 
two peaks. The first is a signal propagating at the sound speed relative 
to the flow and corresponds, of course, to Che acouotlc perturbations. The 
second peak is a signal being convected by the flow and corresponds to the 
turbulence. Used in conjunction with the power spectrum measured by Che 
sensors, the cross-correlation technique makes it possible to separate out 
the acoustic and turbulence spectra. 

Similarly, by cross-correlating the signals from a reference, say an 
inlet Kullte, and a downstream Kullte, the amount of upstream noise propa- 
gating through the turbine may be extracted from the downstream signal. 

This approach will fall if the structure-transmitted or turbine-generated 
broadband noise dominates the transmitted facility noise levels by a large 
inargln (in excess of 10 dB). 

1 

Instead of cross-correlating two different signals, it is possible to 
compare a single signal with itself. This is termed autocorrelation, and 
the Fourier transform of the autocorrelation function yields the power 
spectral density of the signal. The autocorrelation process permits the 
detection of periodic signals in the presence of random noise simply because, 
by definition, a periodic signal repeats every time period (Tp), while a 
random signal loses all resemblance to Itself once It Is time-shifted. 

Hence, the autocorrelation function for a periodic signal Is Itself peri- 
odic and, for a random signal, decays quickly to zero when a finite time 
delay Is Imposed. Carrying this concept a little further, repeated averag- 
ing of the data should then enhance the slgnal-to-nolse ratio for tones. 

Virtually all of the data reduction on both the high and low pressure 
component turbine tests employed the spectral and correlation analysis 
techniques available on the digital Fourier transform analyzer. The results 
from one complemented those of the other, and together, provided a powerful 
tool In the analysis of the data. 
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Figure 21. Upstream Kulito High ReBolution Narrowband 
Spectrum. 
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Figure 22. Downstream Kullte High Resolution Narrowband 
Spectrum. 





3.6.2 Irepleroentatlon of Techniques 

• High Regolutlon Narrowband Spactra 

Figures 21 and 22 show high resolution narrowbands with l>Hz bandwldths 
for an upstream Kullte (K4) and a downstream Kullte (K7), respectively. 

The plots are for the high pressure turbine design point and show clearly 
distinguishable siren tones (fundamental and second* third* and fourth har- 
monics) In both upstream and downstream signals. These results are typical 
of both cold and hot design point conditions. More sample spectra can be 
found In Appendix D. Good slgnal-to-nolse was obtained over a majority of 
the test points at design and off-deslgn speeds using this method. However, 
some off-design conditions presented other problems (i.e.* Increased broad- 
band levels) which reduced the slgnal-to-nolse ratio and masked the down- 
stream tones* necessitating the use of other techniques to obtain discerni- 
ble tones downstream. The averaging process mentioned earlier proved 
cumbersome to Implement and required a large number of samples to signifi- 
cantly Improve the slgnal-to-nolse ratio. In the end* coherence analysis 
provided the most satisfactory results. 


• Coherence Spectral Analysis 

Figure 23 gives the autospectrum for an upstream signal (Kullte 4) 
along with the coherent part of a downstream signal (Kullte 7). The trans- 
mission loss Is the difference between the two tone levels. Note that a 
larger bandwidth (8 Hz) Is employed here than for the high resolution 
narrowband spectra of Figures 21 and 22 (1 Hz). However* the tones measured 
with both the narrowband and coherence analysis techniques were the same. 

Coherence analysis was used In conjunction with the high resolution 
narrowband spectra method for obtaining the attenuations for he high 
pressu'e turbine. The results were very encouraging and consequently this 
method was used exclusively for low pressure turbine data reduction. Typical 
spectra for the low pressure turbine can be found in Appendix D. 


• Cross-Correlation Analysis 

Part of the required attenuation analysis on this program was to see 
if the facility noise generated upstream of the turbine and present In the 
1/3-octave band broadband noise spectra could be exploited to determine the 
transfer function through the turbine. 

Obviously, it is first necessary to determine the level of contribu- 
tion by the upstream facility-generated noise to the overall signal recorded 
by the upstream sensors. The other contributors of relevance here Include 
the turbine (noise) and the flow turbulence. The facility noise and flow 
turbulence propagate downstream and will produce positive time-delay peaks 
in a cross-correlogram between a pair of upstream sensors. For the same 
sensor pair, the turbine-generated noise propagates In the opposite direction 


37 



Sound Pressure Level 








and will produ«:a a peak aC a negative time delay. The relative magnltudea 
of the three peaks will Indicate the corresponding contributions by the 
three "sources" to the upstream broadband signal. 

The high pressure turbine point (lOOS! N/v¥, Ptq/^S 2 “ 2,14) was 
selected for the initial evaluation. A low siren speed (250 rpm) reading 
was used with the data high-pass filtered above 1000 Hs to obtain essen- 
tially broadband noise free of contamination by the siren tones. The 
croso-correlogram for the two upstream Kullte pair K1 and K2 was obtained 
over a 11 msec time interval as shown in Figure 24. The 1000 llz filter 
resulted in the periodic undulations at the 1 millisecond time period. 
However, clearly visible are the three peaks of concern here. 

The acoustic signal time delay ti, corresponds to peaks (a) and (b). 
The largest peak, (a), is at a negative t and is attributed to the turbine 
generated broadband noise traveling upstream. Peak (b) is at a positive t, 
indicating an acoustic signal resulting from some upstream disturbance, 
most probably related to the facility piping and butterfly control valve. 

Flow noise is apparent at peak (c), which is at a positive t, corre- 
sponding to the mean flow velocity. 

These results show that the major contributor to the upstream broad- 
band noise at frequenices greats r than 1000 Hz is, in fact, the turbine. 

The facility generated broadband signal is also present but has a imich 
smaller influence on the overall noise. The 1/3-octave band spectral 
analysis of the upstream broadband signal was therefore discontinued since 
the corresponding blade-row attenuation calculations are meaningless. 

The spectra below 1000 Hz were also examined. The results at the 
design point for the cold and hot inlet tests of the high pressure turbine 
iare Illustrated in Figure 25a and b. The shape of the upstream spectra 
I show a general increase in SPL with frequency up to 5U0 Hz. After that, 
the spectra drop sharply to 1500 Hz. The content of the upstream spectra 
of Figure 25 consists of turbine noise with facility and flow noise mixed 
In. The exact relationship between the three is not known. 

The downstream spectra show a parallel Increase in SPL up to about 400 
Hz that is approximately 5 to 10 dB lower than the upstream signal. Above 
400 Hz the spectra continue to climb, indicative of turbine-generated noise 
at those frequencies. 

It appears that both the upstream and downstream broadband spectra are 
dominated by turbine- genera ted noise. While there is also facility noise 
content, it cannot be separated out and used for transfer function analysis. 
For this reason, no further analysis was conducted using the broadband 
portion of the spect a. 
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3.7 DATA PROCBSSIWfl 


The acoustic tensors were either Iwaersed In the flotf (probe Kulltss) 
or exposed to It through a very short connecting passage (wall Kulltss). 
Hence, the frequency response was essentially flat and no corrections were 
required as would be the case for wave-guide probe meosurements. However 
in one Instance, an upstream sensor had to be replaced by a Kullte mounted 
on a shorter bolt which created a small cavity thus altering the frequency 
response of the Kullte. The frequency response at ambient temperature was 
determined using a standard Wave tube and Is shown in Figure 26. A solid 
line is faired through the discrete data points. The resulting response 
curve was than shifted to a higher frequency to compensate for the higher 
mean cavity temperature during the turbine test. The frequency was shifted 
according to the ratio of the acoustic velocity In the cavity, titat Is 

/393 

^test " ^coldW288 


Where 288* K was the ambient temperature and 393* K was the mean cavity 
temperature during the test. This frequency response correction was applied 
to sensor K2 during the low pressure turbine tests. 

The levels for the 3-stage turbine test had to be raised 5 dB to com- 
pensate Cor changes in the Kullte excitation voltages during the test. The 
Initial calibrations had used 12 volts, while the voltage, which was moni- 
tored during the test, was subsequently found to be about 6.7 volts. 

Hence, the correction required was 20 log (12/6.7) 5 dB. 

In order to allow direct comparison of the blade-row attenuations from 
all four test series, the data were corrected to a FWL basis. Using 
Blokhintsev 's results (see, for example, Bekotske,K. ; Reference 6), the 
acoustic intensity flux vector can be written: 


p,p and c are used in the conventional sense, where V is the absolute 
flow velocity and 6p the unit vector normal to the acoustic wave front. 
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Figure 26. Frequency Response Curves for Kulite K2 Correction. 
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where 6 and ora the angles made by the acouBCic wave front and the flow 
with the axial direction. M is the flow Mach number. The flow at the 
measuring planes is near axial and if a plane wave assumption is used here. 


I„ - (1 

X pc 

The plane wave assumption also permits the acoustic power to be computed 
from a measurement at any point of the cross-section. Using a consistent 
set of reference pressure (p^) and specific impedance (p.Cq), the acoustic 
power level (PWL) referenced to 10**^^ Watts is given by: 


PWL - SPL + 20 log (1 + M) + 10 log (—.«.) +10 log A + 9.9 

p c 

p_ /t7 

or PWL - SPL + 20 log (1 + M) + 10 log (^J^) + 10 log A -f 9.9 


”5 2 

where SPL • sound pressure level re 2 x 10 N/m 

Pb, Ts * static pressure and temperature at the measuring station 

Po, To <■ ambient (standard day) pressure and temperature 

A ■ cross-sectional area In m^. 

The measured attenuations and the computed transmission loss on a PWL 
basis are provided in Appendices A and B. Averaged conditions at the tur- 
bine inlet and exit planes were used in the PWL computations. 
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SECTION 4.0 


ANALYSIS 


4.1 THEORETICAL CONSIDERATIONS 


A prlnury concern of cho progran waa to check the theory uaed to 
analytically predict the attenuation of low frequency combuctor nolae aa it 
propagatea through the high and low preaaure turblnea. 

The attenuation of combua tor-genera ted nolae by an engine turbine haa 
been modeled approximately by aeveral Inveatlgatora. A rigoroua analyala 
of the attenuation phenomenon waa flrat performed by Bekofake (Reference 6) 
for aubaonic relative flow. Thla analyala waa extended under NASA funding 
(Reference 8) to Include the caae where there la aubaonic relative flow at 
the inlet of a blade row but auperaonlc at the dlacharge aide. 


4.1.1 Deecrlntlon of Theoretical Prediction Method 

The analyala examlnea the tranamlaalon and attenuation of aound wavea 
through a turbine row on the baala that both the pitch and chord length of 
the turbine row are email compared to the wavelengtha of Interest here. In 
thla limit t the turbine row may be modelled as an actuator dlak which 
createa an abrupt dlacontlnulty of the flow on either side of It. 

The actuator disk model (Reference 8) employed uses a concept borrowed 
from propeller theory and applied to a blade row within an annular passage. 
Radiol flow Is assumed to be negligible^ thus reducing the problem to one 
of two dimensions (the cascade plane). 

The problem formulation follows closely an unpublished theory by Dr. 

R. Manl of General Electric's Research and Development Center for the 
discharge reflection coefficient from a blade row at low frequencies. A 
sound wave which Impinges on the upstream side of a blade row will lead to 
a reflected wave on the upstream side and a transmitted wave and a vor- 
tlclty wave on the downstream side of the blade row. The equations neces- 
sary to solve for the unknown wave amplitude coefficients are obtained by 
requiring continuity of mass flow and energy and, depending on whether the 
Mach number Is subsonic or supersonic at the discharge of the blade row, 
either applying the Kutta condition at the trailing edge of the blade row, 
or applying the choking condition to the blade row. 

The extended theory accounts for supersonic relative flow at the 
discharge of a blade row. Such a choked condition occurs typically in 
single-stage, high-pressure turbines and highly loaded fan turbines at high 
power settings. 
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Dtkallt of tho co«plct« aiuilyols omy b« found In R«f«r«nce 8. 


4.1.2 Pywotric Study 

A itudy to doeomlnc the pertinent paremeters which influence the 
attenuation acroaa the turbine blade rowa waa conducted using the analyti- 
cal Method described above. The full ranges of conditions on both the HP 
and LP turbines were Investigated, covering subsonic and supersonic regions 
of turbine operation. Predicted levels of blade-row attenuation were 
obtained for each turbine to compare with experimental results from the 
component tests. 

Results of the blade-row attenuation study are shown In Figure 27 and 
Figure 26. Figure 27 provides the predicted attenuation at zero incidence 
for the single-stage high pressure turbine as a function of the turbine 
pressure ratio for both subsonic e;nd supersonic cases. Changing the cor- 
rected turbine speed (N/v^) from 70% to 1001 of the design value yields 
less than 0.5 dB change in the predicted attenuation. Hence the turbine 
speed appears to be a secondary parameter. The predicted attenuation 
however increases slightly with pressure ratio. 

Figure 27 also provides the Individual contributions of the stator 
and the rotating blade row. The blade-row attenuation duo to the nozzle 
remains virtually unchanged over the mapped region. This is probably due 
to the fact that the nozzle pressure ratio is largely invariant in this 
turbine, increasing, for example, from 1.43 to 1.51 when the turbine pres- 
sure ratio Is changed from 1.9 to 3.3 at 100% N/*^. The turbine pressure 
ratio variation is largely accomplished by increase of the rotor pressure 
ratio and the change in turbine attenuation is correspondingly due to 
change In the rotor attenuation. 

Results for the low pressure turbine are shown in Figure 28. Again. 

the predicted attenuation increases with the turbine pressure ratio for 

all three stages. The pressure dependency becomes even cleare. when the 
analytical prediction program is exercised over a wide pressure ratio 
range. The results for blade-row pressure ratios of 1.1 to 1.8 are shown 
in Figure 29 for all the nozzles and rotors from four turbines. The same 
predictions are shown in Figure 30 on a per stage (nozzle * rotor) basis. 
The data trend strongly suggests use of a (AT/T) or similar work extraction 
parameter, where 


- 1 - (1/Pr) (3) 

Pj. “ total-to-staf pressure ratio 
Y ■■ ratio of speciric heats 
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Figure 28, Variation of Predicted Low Frequency Noise 
Attenuation with Turbine Pressure Ratio, 






• Calculated RefUlts 


0 Nozzle) 

CF6 

□ Nozzle) 

NASA Core 

^ Rotor ) 

N/v^» 97.1 

^ Rotor j 

N/^T* 371.3 

Q Nozzle) 

HLFT-IVA 

^ Nozzle) 

CE13 

^ Rotor ) 

N//r = 178.6 

^ Rotor ( 

N/^T » 150.2 


Blade-Row Pressure Ratio, Pxo/^Sl 


figure 29 . Dependence of Low Frequency Noise Attenuation on 
Blade-Row Pressure Ratio. 
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Figure 30, Dependence of Low Fre'iuency Noise 

Attenuation on Stage Pressure Ratio. 





The term (AT/T) is the Ideal work extraction nondlmenaionallzed by the 
inlet enthalpy and was found to be a significant turbine noise generation 
parameter (Reference 9). 

The predictions of Figure 27-30 are valid for any Inlet temperature as 
long as N//f is constant, as this preserves the Mach numbers and flow 
ansles. However, the inlet temperature would have an effect on the wave 
number, which must be determined solely from test data. The analysis uses 
an actuator disk assumption and, therefore, cannot account for either 
frequency or wave number phenomena. 

The results of the parametric study are summarized below. 

1. The attenuation for both HP and LP turbines shows a definite 
increasing trend with increasing turbine pressure ratio 

(Pto/Ps2)' 

2. Speed is predicted to have only a small effect, if any, on 
attenuation. 

3. Attenuation levels for the HP single-stage turbine are predicted 
at 8 to 9 dB over the pressure-ratio range. 

4. The LP turbine attenuations for the single-stage are predicted at 
6 to 8 dB, with the 3-stage build levels ranging from 13 to 19 dB 
over the teat matrix. 

These results are based on plane wave assumptions with zero incidence and 
provide a basis for comparison with the results of the acoustic tests. 


4.2 EXPERIMENTAL RESULTS 
4.2.1 Overview 


The data from the two series for the high pressure and low pressure 
turbines exhibited many similar characteristics, such as increased down- 
stream turbine broadband noise and the presence of duct phenomena, as 
discussed in Section 4.2.2. The increased broadband noise levels at some 
of the off-design conditions presented some signal-to-noise ratio dlffl- 
cultles which were overcome, by a large measure, through the use of coher- 
ence analysis. The presence of characteristic duct phenomena, such as 
higher order modes and resonances, was evident in both sets of data, which 
resulted in data scatter. Averaging the readings at the same frequencies 
from the circumferentially displaced instrumentation sets was helpful in 
reducing the scatter. Further averaging over a range of frequencies proved 
to be even more effective in minimizing the Influence of the scatter and 
enhanced the identification of data trends. This double averaging tech- 
nique was employed in evaluating the results. 
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The acoueclc power level wac conduced uelng a plane wave aeBuoptlon 
because of the large wave lengths Involved. 


4.2.2 PlecuBBlon of the Data Character Is tlca 


• Masking of Tones by Turbine Broadband Noise 

The data from both the high pressure and low pressure turbine tests 
were affected In varying degrees by insufficient signal-to-nolse ratio at 
some off-deslgn points (see Appendix D). The insufficient slgnal-to-noiae 
ratio was a consequence of Increased downstream broadband levels at off- 
deslgn conditions. This resulted in a masking of the siren tone at very 
low frequencies (below 200 Hz) and at the higher frequency end (above 2000 
Hz) for both turbines, but was primarily evident in the high pressure 
turbine. Observations on the high pressure turbine data indicated signi- 
ficant Increases (5 to 8 dB) in broadband levels of the downstream spectra 
during off-deslgn operation, when compared to similar readings taken during 
the cold test. This is Illustrated by the bar charts in Figure 31. 

Low broadband levels at the design and near-design operating condi- 
tions in Figures 31a and 31c indicate smoother turbine operation in this 
optimum running region, as would be expected, while extreme conditions show 
an Increase in broadband noise. 

General Electric's experience with the high frequency (>3500 Hz) noise 
generation (Reference 10) indicates that, in general, turbine noise In- 
creases with pressure ratio. However, when the flow incidence increases 
beyond a certain range (-8® to +2“), there is a large Increase in sound 
generation which can override the general trend with pressure ratio and 
speed, as occurs, for example, at extreme off-design conditions. The 
trends indicated by Figure 31d suggest that the signal recorded by the 
Kulltes Is turbine broadband noise, and not pseudosound due to turbulence. 

It is evident from a review of the results presented in these figures that 
the downstream broadband levels for the hot test are considerably higher 
than those for the cold teat, especially for the extreme off-design condi- 
tions. In particular, for the hot inlet results, these off-design broad- 
band levels are 8 to 9 dB higher than design-point levels. This caused 
some problems in distinguishing the siren tones at the downstream locations, 
particularly the second and third harmonics using the high resolution 
narrowband spectra. 

This problem was largely eliminated through the use of coherence 
analysis, which was facilitated by the dual sets of acoustic sensors posi- 
tioned upstream and downstream of the turbine. Over 85% of the tones were 
made distinguishable in the hot inlet test of the high pressure turbine, 
which had the lowest signal-to-noise ratio, while the low pressure data 
were essentially free from the "tone masking" as a result of using this 
analysis technique. 
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• Duct Phenomena 


A second characteristic of these tests was the presence of duct pheno- 
mena. Higher order modes and resonances upstream and downstream were 
apparent in the measurements taken on both the high and low pressure turbines 
and resulted in considerable data scatter. 

The effect of the higher order modes on the upstream measurements is 
typified in Figure 32, which shows, for the high pressure turbine, a spectral 
comparison of the SPL's from all four inlet Kulites obtained at the siren 
fundamental tones. Good agreement was obtained at frequencies below 300 Hz 
for all Kulltes, but differences of 10 dB or more were apparent between 
pairs of circumferentially diaplaced Kulltes above that frequency. The 
difference in levels is apparently due to a apinniog mode sweeping the 
annulus in a helical path to produce a pattern of standing waves. This 
circumferential wave argument is substantiated by the fact that the cut-on 
frequency for the higher order modes of the turbine geometry is about 300 
Hz, and that a simultaneous wave trace of the inlet Kulltes shows a large 
phase difference between Che two circumferential locations (see Figure 33). 

A single spatial meaauronent is sufficient with zero incidence plane 
waves. However, because of the geometry through which the siren tone was 
Induced, there was no way to predict the exact wave shape without extensive 
measurements. Therefore, the plane wave assumption was the best estimate. 
Instead, the instrumentation was positioned axially and clrcvtmferantlally 
Co identify Che type of waves present as seen in Figure 33. To account for 
Che effect of the circumferential modes (in Figure 32) the SPL's from at 
least two and as many as four of the upstream Kulltes at near diametrically 
opposite locations were averaged. 

There was no evidence of similar spinning wave structure downstream in 
thi^high pressure turbine. Figure 34 Illustrates the good SPL comparison 
of Che dual element Kullte probes for Che high pressure turbine. 

The frequencies of interest for combustor noise are such that higher 
order radial modes should not be a factor. Therefore, it should not matter 
at what radial Immersion the measurements are made. The low pressure 
turbine contained two wall mounted Kulltes downstream as well as the two 
Kullte probes. Tabular comparisons of a downstream wall Kulite (K5) with 
one of the Kulites (K9) on one of the probes is presented in Appendix C. 

Most of these comparisons show differences of 0 to 6 dB but some differences 
are greater. The results are difficult to explain particularly at the 
lower frequencies where higher order modes would not be expected in this 
geometry. Averaging was used to make use of all the data and to reduce the 
resulting scatter. 
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Figure 34. Comparleon of Siren SPL Output for Downatream Hull tea 




4.2.3 Daf Aimly«i» 


To ialni*i«« th« data acattar and raduca tha affaet of apparanC raao- 
nancat in all caaaa. an avaraga SPL of cha downatraan aanaora was uaad (oa 
many aa four Kulitaa from downatraan probaa on tha high ptaaaure turblna; 
avaraga of wall and proba Kulltaa, whera they exlated. for the low proaaure 
turbinea). The blade-row attenuation over the frequency range of Interest 
was then datarmined by tha diffiranca in the average SPL*s calculated 
upatream and downatraan of tha turblna. 


a Btlobad Attenuation Spectra 

Some of tha inherent acattar praaant whan Juat one pair of upstream 
and downatrawn Kulitaa ware used was reduced by thia averaging procedure. 
Such an averaged comparison using all four seta of sensors is provided in 
Figure 35a for tha cold HP turbine test at the design point. A bilobed 
attenuation spectrum is indicated from the resulting distribution. Greater 
than 20 dB attenuation is shown at frequencies below 200 Hz. dropping to 
approximately 10 dB from 250 through 20CJ Hz. with minimum levels of 6 to 3 
dB occurring at 250 Hz and 1175 Hz. respectively, and a small peak at 1400 
Hz. An increase in the attenuation (up to 15 dB) above 2000 Hz is observed. 

The averaged attenuation spectrum for the hot test at design point Ic 
shown in Figure 35b. The resulting distrlbutlor once again suggests a bi- 
lobed attenuation spectrum. The overall levels appear to be the same as 
for the cold test. In fact, the hot and cold transmission loss data can be 
collapsed by shifting the frequency scale by the square root of the inlet, 
temperature, as is shown in Figure 36. that is. by compensating for the 
change in acoustic velocity. 

The bilobed distribution is now clearly visible, and a line can be 
faired through the data points as shown in Figure 36. The attenuation for 
this bilobed average trend line gives minima of 7 and 8 dB at 200 and 800 
Hz. respectively. Near 83, 400. and 3000 Hz. the attenuation Increases to 
around 15 dB. 

The data from the 1- and 3-stage builds of the lew pressure turbine 
tests exhibited many of the same characteristics as had been apparent In 
the high pressure test results (i.e., large data scatter, presence of 
higher order circumferential modes, and the suggestion of a bilobed distri- 
bution of th$ attenuation spectra). Figure 37 shows the attenuation at the 
design speed for the 3-stage build at pressure ratio of 3.0, while Figure 
38 illustrates typical single-stage attenuation spectra at design speed and 
a PTo/PS 2 figures Illustrate the general clustering of the 

data around a bilobed distribution similar to the high pressure turbine 
results. Using the curve fit and comparing the attenuation peak in the mid 
frequency region, it appears that the 3 stage build exhibits a lower peak 
frequency (200 Hz) than does the single stage build ('v<400 Hz). This shift 
is well within the’ range of data scatter encountered and hence no particu- 
lar significance is attached to it. 
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Figure 37* 3-Stago Low Pressure Turbine Attenuation Spectrum. 
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ACtumpCs oc computer curve fitting the date required grouping of fre- 
quenciee within a 1/3 octave band before elnillar curve fits could be con- 
structed. However, no consistent trends could be obtained using this 
method (see Figure 39), other than the fact that the speed effect was 
minimal. It was concluded that the bllobed shape was not a true low fre- 
quency noise attenuation spectrum, but it Included the effeci-a of higher 
order modes and other effects that may be unique to the tc f >ci:i.lty and 
hardware. Ihirsulng this point, the frequency corresponding xu he first 
spinning modo eut-on for this facility was computed, The phase plots show 
a strong wave sweeping around nearly circumferentially at these frequencies, 
(see Figure 33). The analysis indicates that the high blade-row Incidence 
would result In a large jump in transmission loss. Hence the mid- lobe could 
be a manifestation of modal cut- on. 

• Bathtub Spectral Shape 

Prallmlnary theoretical work (conducted under NAS3-20027) aimed at 
explaining the mechanisms of the various levels cf attenuation achieved In 
this program has suggested possible explanation for the increased attenu- 
ation at the low (<100 Hs) and high (>1500 Hz to 3500 Hz) frequencies 
termed the "bathtub" spectral shape. 

The attenuation spectrum was divided into three regions as sho«m In 
Figure 40: very low frequencies (below 100 Hz), midfrequencies (200 to 1200 
Hz), and high frequencies (above 1500 Hz). In essence, the attenuation 
mechanism assumed in the actuator-disk analysis is fully valid only for the 
mid-frequency region. It could be hypothesized that there are other mecha- 
nisms involved which dominate the low and high frequency ends and Increase 
the transmission loss over that predicted by the actuator-disk model. For 
example, the propagation through curved passages carrying an accelerating 
flow could provide such an Increase at the lowest frequencies. This mecha- 
nism is being investigated under Contract NAS3-20027. At the high frequency 
end, the attenuation could Increase due to the physical blockage imposed by 
the turbine airfoils because the perturbation wavelengths are approaching 
the airfoil dimensions. This effect is also being pursued under Contract 
NAS3-20027. The rut result is a bathtub shaped spectrum, the floor of 
which corresponds to the actuator-disk analysis model predictions based on 
the theory discussed in Reference 6. Coincidentally, the floor spans the 
major frequencies of Interest for combustor noise. 

A closer lock at the midfrequency region of the transmission spectrum 
(Figure 40) shows that it contains primarily the attenuation basjed on the 
siren fundamentals which exhibited the least amount of scatter. An average 
attenuation was obtained within the midfrequency region for each test 
condition which compared favorably with the actuator disk analysis. The 
attenuation, which constituted the floor of the bathtub spectra, was deter- 
mined by computing the average over this limited frequency range of all 
attenuation values within the region. The double averaging technique was 
found to be very beneficial in reducing the overall Impact of higher order 
modes, resonances, and other duct phenomena. The term "double averaging" 
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refers to the fact that first the upstream SPLs are averaged at each alren 
frequency and the PWL computed, the process repeated for the dovmstream 
Hcnsors and the downstream PWL subtracted from the upstream PWL to obtain 
the attenuation at that given frequency. The double averaging results when 
these values for the attenuation as a function of frequency are averaged 
over the mid frequency range (100 to 1200 Hz) to obtain the bathtub floor. 


4. 2. A Discussion of Results 

This section concentrates on the attenuation results obtained from the 
floor of the bathtub spectrum obtained by using the double averaging method 
described in the previous section. 


• Low Pressure Turbine 

The average attenuation results for the single-stage LF turbine are 
illustrated in Figure Al. The attenuation increases with a rise in turbine 
pressure ratio up to a point (Pto^Psi. 2 ” corresponding to choked 
conditions in the stator. After choking, the attenuation levels off to 
around 7 to 8 dB with further increases in pressure ratio. This effect is 
the same for all speeds tested but the reason for this is, as yet, unknown. 
From the tight clustering of data at all speeds, the effect of turbine 
speed appears to be insignificant. 

The 3-stage results shown in Figure A2 clearly indicate a direct rela- 
tionship between attenuation and pressure ratio. The first stage chokes at 
a turbine pressure ratio of about 4, but the attenuation increases beyond 
this, possibly because the other two stages remained unchoked. There is a 
larger amount of data scatter present in the average attenuations shown in 
^ Figure 42, than occurred with the single-stage. Still, no consistent trend 
with turbine speed is discernible . 

Comparison of the 1- and 3-stage results in Figure 43 illustrates the 
effect of adding the second and third stages downstream of the first-stage. 
The single-stage attenuations are plotted at the 1-stage rotor exit pres- 
sure ratio corresponding to the 3-stage operating points. The 3-stage 
turbine gives an additional 3.5 dB attenuation over the 1-stage build, 
until the latter chokes. The added attenuation then increases v.rlth pres- 
sure ratio to 6 dB at the turbine design pressure ratio. 

The results of the low pressure turbine tests to determine the effect 
of additional downstream stages and choking on the blade-row attenuation of 
low frequency noise can be summarized as follows: 

1. For the 1-stage build, the attenuation increases with Increasing 
turbine pressure ratio (Fxo/^Sl.2) until choking occurs, then 
levels off and remains constant at about 7 to 8 dB. 
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Figure 41. Effect of Turbine Pressure Ratio on Attenuation of Single-Stage 
Low Pressure Turbine (HLFT-IVA). 


67 




Turbine 


Figure 42. 


Effect of Turbine Pressure Ratio on 
Turbine (HLFT-IVA). 







• 

HLPT-IVA 

• 

P ■ 275,8 kN/m* 


TO 

• 

Tto ~ 422 K 

Average 1-Stago Turbine Pressure Ratio, 


stage HLFT-IVA 


Choked 


1-Stage HLPT-Iva 


3-Stage Turbine Pressure Ratio, P^q/Ps 2 


Figure 43. Attenuation Comparison of Low Pressure Turbine Results 
from 1- and 3-Stage Tests. 







2. The efface of turbine apeed on ettenuetion appears Inaignlf leant. 

3. The effect of additional downatream stages Increases the turbine 
attenuation from 3.5 to 4.0 dB over the unchoked single-stage 
results; and from 4.5 to 6.0 dB after choking of the first stage 
occurs. 


• High Pressure Turbine 

Resultfl from the high pressure turbine data analysis are shown In 
Figure 44 for the "cold" test. A trend of attenuation Increasing with 
pressure ratio Is apparent with a leveling off after choking occurs » simi- 
lar to the LPT 1-stage results. No consistent trend with turbine speed was 
evident. 

The hot test results (Figure 45) obtained In like manner showed a 
general Increase In attenuation with the same leveling off after choking 
conditions were reached. The data scatter for the hot test was greater 
than that for the cold. However, comparison of the hot and cold data in 
Figure 46 showed the hot data to be lower by less than 1 dB than the cold 
data for the range of pressure ratios tested when was maintained con- 
stant. This slight decrease may suggest that attenuation decreases with 
Increasing Inlet temperature, although the difference it well within the 
limits of the data scatter. It should be noted that constant N/>^ means 
that the flow Mach numbers and velocity triangles were kept the same for 
Che two tests. 

The results of the high pressure turbine tests to determine the effect 
of inlet temperature and choking on the low frequency noise transmitted 
through the turbine are summarized as follows: ■ 

1. Attenuation increases with turbine pressure ratio in the same 
manner as the LP turbine results. 

2. Choking limited the attenuation level to 9 to 10 dB on Che HP 
turbine. 

3. The effect of turbine speed was not significant. 

4. Inlet temperature effects on attenuation were in Che order of 
1 dB which is well within the limits of data scatter. 

Figure 47 provides a comparison of the HP turbine results with those 
of the single stage LP turbine. The attenuation Increases with pressure 
ratio for both cases until choking occurs. However, the HP turbine, because 
of its design, chokes Initially at the rotor (most turbines choke at the 
nozzle first) and chokes at a higher pressure ratio than does the LP tur- 
bine first stage. A higher asymptotic attenuation is therefore achieved 
for the HP turbine. Apparently, it is not necessary that full-span choking 
occur, only that the relative Mach number reach sonic conditions somewhere. 


70 



Attenuation, ZifiB|FirL Attenuation, 



Turbine Pressure Ratio, 

Figure 44, Effect of Turbine Pressure Ratio on 


Attenuation of High Pressure IXirblne 
with Cold Inlet, 
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Figure 46, Effect of Turbine Inlet Temperature on High Preseure 
Turbine Attenuation. 
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Figure 47. Comparison of Single-Stage Attenuation Results for HP and LP Turbines 




In both cn««», this occurred st the hub first. A full set of serodynanit; 
data is provided in Appendices A etJ B. 

Finally, a statement on the physical meaning of the measured attenua- 
tions is in order. The A that is actually sought is the insertion Idhs. 
that is the reduction in the sound radiated to the farfield. It can be 
argued that since the upstream measurouents Include the incident and re- 
flected energy, the attenuation values derived are about 0 to 1 dB greater 
than the so called transfer function or Inserrion loss. Then, the effect 
of higher circumferential modes must bo considered. The phase plots nhou 
significant spinning wave content cutting-on above 300 Ns. At the point of 
cut-on, a mode is spinning almost circumferentially and at about 90* to the 
axial direction. Consequently, the subsequent impact on the blade rows 
occurs at a very high incidence angle. But high incidence on approaching 
the turbine blades results in a complete reflection of the acoustic energy. 
Higher order modes are therefore characterized by a sudden increase in the 
measured attenuation - the exact value being a function of the energy split 
between the plane wave and higher order circumferential modes. Proceeding 
away from the cut-on point, the higher erder modes assume a more axial 
orientation and the incidence on the blade row decreases. 

The definition of the bathtub floor as Che average of the attenuutione: 
for frequencies betwein 100 (or 200) and 1200 Hz along with the earlier 
sensor pair averaging helps to mitigate some of the spinning wave problemrs. 
However, if the. combustor noise energy in an engine configuration remulnii 
In the form of a plane wave, attenuations measured in this program will be 
greater than the true insertion loss by: 

1. 0 to 3 dB due to the combined incident and reflected wave measure- 
ments. 

2. 1 to 2 dB duo to spinning wave cut-on (an estimate based on the 
300 to AOO Hz lube in the attenuation spectra). 


A . 3 COMPARISON OF DATA WITH THEORY 


A. 3.1 Predicted and Experimental Comparisons 

The predicted attenuations are compared with the data as a function 
of the pressure ratio at constant speed in Figures A8 through 50. In each 
case, the predictions are for a zero incidence acoustic wave, where the 
incidence angle is given by (flow angle - blade angle); (see Figure 57, Appen- 
dix A). It has previously been demonstrated that the predicted attenuation 
per stage is almost constant for about tlO® incidence (Reference 8). The result & 
for the high pressure turbine are shown if Figure 48. The order of magnitude 
would appear to be in reasonable agreement. However, the data are about 2 dB 
lower than the predicted 8 to 9 dB attenuation in most incidences. The 
comparisons are for a single speed, but, as has been noted earlier, the 
turbine speed has little effect on the attenuation. Hence, the results 
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■hown here are representative of the entire operating range. The analysis 
docs not distinguish between the hot and cold tests since and there** 

fore the flow triangles were maintained constant, and because the actuator 
disk assumption results in a loss of the wave number dependency. 

The results of the comparison for the single stage build of the low 
pressure turbine are shown In Figure 49. Initially, at low pressure ratios, 
the data are 2 to 3 dB below the predictions. As the pressure ratio Is 
increased, the measured attenuations increase at a faster rate than the 
predictions till the onset of choking. As was observed earlier, the measured 
attenuations remained virtually constant for pressure ratios higher than 
required for choking. However, the actuator disk analysis actually indi- 
cates a reduction in the blade row attenuation for pressure ratios greater 
than required for choking. The net result is than beyond ■ 2.5, the 
measured data are higher than the prediction line, the greatest difference 
being about 2 dB. It is not clear how choking limits the observed attenu- 
ation. Perhaps it is the preserce of a shock, or the change of Impedance 
due to a shock, or the assoclstt. pressure discontinuity. This is under 
Investigation under NAS3-20027. Choking implies a limitation of the flow 
rate and this is taken into consideration in the analysis. Both Figures 48 
and 49 show the predicted attenuation levelling off and decreasing for 
choked turbine operation. The fact that the measured attenuation does not 
drop correspondingly could be a consequence of the fact that the choked 
condition does not extend across the full span. 

The results of the comparison for the 3 stage turbine are shown in 
Figure 50. Also shown are the attenuations for the three individual stages 
(rather than the six blade rows). The predicted Insertion loss for this 
low pressure turbine varies from 13 to 19 dB for the pressure ratio range 
investigated (2 to 5.2), The measured data lie 6 to 7 dB below the pre- 
dicted line. But, as has explained in Section 4.2.4, the actual turbine 
insertion loss is 1 to 5 dB less than the measured transmission loss given 
by the data points. Therefore, summing the isolated blade row losses to 
arrive at the overall turbine loss results in at least 7 dB, and perhaps up 
to 12 dB over-prediction of the insertion loss due to the 3 stage turbine. 

On the other hand, comparison with the single stage results (Figure 48 and 
49) show a much smaller discrepancy. This suggests that the net attenuation 
due to several blade rows In sequence will not be the straight sum of the 
attenuations due to individual blade rows, but rather a much smaller number 
due to a multi-staging effect. Physically, it can be argued that the 
reflected wave at each interaction other than that at the first blade row 
will not be lost, as is assumed in the Isolated blade row analysis, but 
rather will be largely re-directed in the downstream direction after inter- 
action with an upstream blade row. These multiple interactions will result 
in a reinforced transmitted wave and a lower overall attenuation. Investi- 
gation of this multi-staging effect is being conducted under Contract 
NAS3-20027. 
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Attenuation 


• HLFT-IVA LPT 

• N/yf = ?-04 

• = 275.8 kN/in^, - 422" fC 

• Predicted Results Based on Plane Wave, 
Zero Incidence Assumptions 



Turbine Pressure Ratio 


Figure 49. Comparison of Predicted and Empirical Attenuation from Single-Stage Low 
Pressure Turbine. 







4,3.2 Evaluation of Acouatlc Correlating Parameters 


An Investigation was conducted to identify the best correlating param- 
eters for the measured attenuation data. Such correlating parameters would 
be of obvious value In formulating an empirical prediction method for low 
frequency noise transmission through turbine blade rows. Salient results 
from the study are shown in Figures 51 through 56. The performance data 
used In the correlations can be found In Appendices A and B. The termi- 
nology used to define the turbine flow triangles Is shown Ir Figure 57 
(Appendix A). 

Previous experience with the Actuator Disk ''‘lalysis (Reference 8) and 
combustor noise correlations (Reference 10) sugh -ed that the parameters 
of Interest would be blade row Incidence, turning angle, relative Mach 
number, pressure ratio, and turbine work extraction. For example, the 
analysis Indicated that the blade row attenuation would Increase markedly 
If the acoustic wave Incidence angle varied beyond say ±10°. As noted 
above, the Incidence angle is defined as (flow angle - blade angle). As a 
first estimate, the blade angle can be taken as the flow angle at design point. 
If it can be assumed that the acoustic wave convects with the flow, then 
turbine off-dcslgn operating points could result In large attenuations due to 
Increasing incidence. Data for the single stage low pressure turbine are 
plotted against the rotor incidence angle in Figure 51a, The data separate 
out along the different speed lines and therefore the incidence angle was 
rejected as a correlator. 

The same data set is shown plotted as a function of the rotor turning 
angle in Tlgure 51b. Th'^re Is obviously no correlation. However, wher 
plotted against the tip relative Mach number exiting from the rotor, a f,ood 
collapse results, as shown in Figure 51c. The resulting curve is similar 
to that obtained using the stage pressure ratio (Figure 41), The attenu- 
ation increases with the Mach number to about 0.85 and then levels off. 

This Mach number (0.85) corresponds to the onset of choking for the stage - 
which occurs Initially at the stator hub. The fact that attenuation level- 
ing off is controlled by the stator hub choke is illustrated by Figure 52. 

The pressure ratio normalized by the pressure ratio when choking occurs 
(Pto/Ps2^/^TO/^’s 2) stator Hub Choke is not as good a correlating parameter 
as the rotor tip relative Mach number though, since the choking pressure 
ratio is a function of the turbine speed while neither the data nor the 
analysis indicate a speed dependency. 

The rotor tip Mach number correlation of Figure 51c is repeated for 
the high pressure turbine data in Figures 53a and b and for the 3 stage low 
pressure turbine data in 53c, The correlation for cold inlet high pressure 
turbine is similar in that an increasing trend with Mach number is seen 
till choking occurs. It is Interesting to note that for the high pressure 
turbine, choking occurs in the rotor first. It would appear that a choked 
condition anywhere in a stage will limit the attenuation for that particu- 
lar stage. There is too much scatter in the hot inlet high pressure tur- 
bine data to draw any conclusions beyond that of Figure 53a. 
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Figure 53. Exit Tip Relative Mach Number Comparisons of High and Low Pressure 
Turbines. 


82 









In the case of the 3 stage turbine^ thec'' is a choice of three rotor 
Mach numbers against which data can be correlated • Figure S3c provides the 
correlations for the 1st aiul 3rd stage rotors. The open symbols show the 
measured attenuations plotted as a function of tip relative Mach number at 
exit from the 3rd stage rotor, ond the solid symbols as a function of the 
conditions at exit from the 1st stage rotor. There is very little to 
choose between the two, both providing a fair data collapse. It is clear, 
chough, that the equation of the correlating line Is a function of the 
blade row under consideration. That is, it Is difficult to obtain a uni- 
versal prediction using the rotor relative Mach number as the correlating 
parameter. From a study of Figures 51c and 52a, b and c, the only hope Is 
Che use of the 1st stage values. 

An obvious corollary to the rotor Mach number Is the stator exit Mach 
number. Figure 54 shows Che single stage low pressure turbine data set 
plotted as a function of the exit Mach number at hub, pitch, and tip, 
respectively. All three stations produce similar plots: the data separate 

out along the speed lines. It Is obvious that the correlation of Figure 
51c Is much better In achieving data collapse. 

The turbine energy extraction was reviewed In Che form of the turbine 
total temperature drop normalized by standard day temperature. Plots of 
the AT/Tg<];D versus AdB are presented In Figure 55a through 55c for the 3- 
stage and single-stage LP turbines and the cold Inlet HP turbine, respec- 
tively. Again, the similarity with the pressure ratio correlations for 
these turbines la apparent but the data scatter is greater. 

The turbine-loading parameter was eliminated as a correlating param- 
eter, since the attenuation results obviously indicate that wheel speed is 
not a factor, and the work-extraction dependency is available either from 
the pressure ratio or AT plots. 

The choice of a correlating parameter would appear to be between the 
pressure ratio, temperature drop, or rotor relative Mach number. The first 
two are readily available and therefore preferable. At the same time, the 
role played by choking must be kept in mind. 

All three data sets of Figure 55 are shown on a single plot as a 
function of (AT/Tstd) Figure 56. The solid line in the figure is a fit 
through the 3 stage turbine data and the slope is roughly 20 log (AT/Tsxd^* 
The data for the single stage builds lie somewhat above (1 to 2 dB) this 
line as a consequence possibly of the higher exhaust swirl relative to the 
rotor. The analysis indicates the greater this relative flow swirl angle, 
the larger the attenuation. The corresponding values for the 3 stage and 
the two single stage builds are 45.9“, 60.1“ and 60.8“. 

Figure 56 also illustrates the fact that the work extraction is a 
better determinant of low frequency noise attenuation through turbines than 
is the number of stages as a single stage operating at a corresponding 
point can provide as much attenuation as a 3 stage turbine. This has been 
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Figure 54, Comparison of Stator Exit Mach Numbers 
for 1-Stage Low Pressure Turbine. 
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Figure 55. Influence of Turbine AT on Attenuation. 
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Figure 56. Data Correlation Using Turbine Temperature Extraction. 



applied to the unified line core (combustor) nolee prediction method 
evolved by General Electric (Reference 7). The method hee been validated 
by data from turbojet* turboeheft* and turbofan engines tested by General 
Electric, Rolls Royce, Pratt and Whitney, Boeing, Garrett AiResiarch and 
Allison. This method has been proposed to the S.kB A21 subconnlttee as a 
standard. 
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SECTION 5.0 
CONCLUSIONS 


5.1 BATHTUB SPECTRUM 

The tranemlsilon loae apeccrum determined from the turbine testr; iell 
..nto three well-defined regiona from 0 to 350C Hz. A midfrequency region 
extenda from 200 to 1200 Hz and the attenuation remalna relatively constant 
here. The attenuation on either aide increaaea rapidly, auggcitlng a 
bathtub ahape. The very low frequency region, below 100 Hz, could be 
controlled by the effect of propagation through the varying-area blade 
paaaagea which carry an accelerating flow. The increase in attenuation for 
frequencies above 1500 Hz is attributed tc the physical blockage presented 
by the turbine blades as the wavelength is approaching the blade size. The 
floor region apparently is controlled by the mechanism used in the actuator 
disk theory. This region spans the frequencies of primary interest for 
combustor noise. 


5.2 SUMMARY OF DATA COMPARISONS FOR THE SPECTRUM FLOOR 


The results of the blade row attenuation investigation on the high <mu 
low pressure turbines yielded the following conclusions based on average 
attenuations for frequencies between 100 and 1200 Hz: 

1. Attenuation increases vith turbine pressure ratio until the 
blade-row (stator or rotor) chokes. After choking, the atten- 
uation remains virtually constant for that given stage. 

2. There is no significant effect of turbine speed on attenuation 
for any given turbine. 

3. The effect of inlet temperature is not readily discernible If 
flow triangles are maintained constant. 

4. The addition of downstream stages Increases the attenuation, 
but by a much smaller order of magnitude than predicted by Iso- 
lated blade-row theory. 


5.3 SIGNIFICANCE OF FINDINGS 

These conclusions clarify the regions of the attenuation spectra which 
directly apply to the existing prediction theory as being between 200 and 
1200 Hz. Used within this range, the single-stage theory agrees well with 
the experimental results. A mult.^ staging effect is evident from the 
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ovi'rprodictUm of tlie turbino attenuation tor the .Viitage LP turbine. Thl* 
multistuglng effect Is being Investigated under NASA Contract NAS3-20027| 
along with a new theory that will account for the Increased attenuation at 
the two ends of the floor. 

A picllmlnury review of the aerodynamic performance parameterH hIi«>wh 
that pr . ure ratio and temperature drop (work extraction) are the bcHt 
covr.'i I a for empirical prediction-model use, while rotor exit tip reJatlve 
Ma 'i. .. ir.oer appears to be another possible correlator. The attenuation 
varic., roughly, as 20 log (AT). 

The measured attenuations are thought to be anywhere from 1 to 5 dC 
greater than the corresponding Insertion losses for the turbines tested. 

The discrepancy Is due In part to the simultaneous presence (and measurement) 
of the rcfxected and Incident wave upstream of the turbine, and In part to 
the cut-on of spinning waves at frequencies above 300 Hz. 
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SECTION 6.0 


SYMBOLS AND NOMENCLATURE 


Symbol 


Descrlntloo 

A 


Annulus Area 

c 

- 

Acoustic Velocity 

D 

- 

Diameter 

dB 

- 

Decibel 

f 

- 

Frequency 

8 

- 

Gravitational Constant 

8x»8y 

- 

Input Signals 

G(In) 

- 

Input Power Spectrum 

G( In-Out) 

- 

Cross-Spectrum Amplitude 

H 

- 

Total Enthalpy 

H(f) 

- 

Transfer Function Amplitude 

HP 

- 

High Pressure 

HPT 

- 

High Pressure Turbine 

Hz 

- 

Hertz: cycles/second 

1 

- 

Rotor Incidence Angle Relative to Flow 

J 

- 

Joule's Constant 

K 

- 

Kullte Pressure Transducer 

LP 


Low Pressure 

LPT 

- 

Low Pressure Turbine 

M 

- 

Mach Number 

M2rt 

- 

Tip Relative Mach number at Rotor Exit 

n 

- 

Number 

N 

- 

Turbine Speed 


Units 

cm2 

m/sec 

cm 

Hz 

m/sec2 


deg 


rpm 
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Symbol 


Description 

Units 

n//i 

- 

Speed F'mctlon 

rpm/v¥ 

1/3 OBSPL 

■■ 

One-Third Octave Band Sound Pressure 
Level. 


P 

- 

Acoustic Perturbation 

kN/m^ 

Pr 

- 

Total-to-Statlc Pressure Ratio 


Psh/W2 

- 

Specific Shaft Power 

Btu/lbm (kJ/kg) 

PWL 

- 

-13 

Sound Power Level* dB re: 10 watts 

dB 

r 

- 

Radius 

cm 

Pxy 

- 

Cross-Correlation Function 


SPL 

- 

Sound Pressure Level* dB re: 0.00002 
N/m2 


T 

- 

Temperature 

K 

tstd 

- 

Standard Day Temperature 

518.7“ R 
(288.2 K) 

T 

- 

Integrating Time 

sec 

t 

«■» 

time 

sec 

Tp 

- 

Time Period 


Pmax 


Maximum Thickness 

cm 

U 

- 

Mean Flow Velocity 

m/sec 

Up 

•M 

Wheel Speed at Pitch Line 

m/sec 

V 

- 

Flow Velocity 

m/sec 

W 

- 

Weight Flow 

kg/sec 

W2 CORR 

- 

Weight Flow Corrected to Turbine Inlet 
Conditions, Wv^7t^/(P/Po) 

kg/sec 

02 

- 

Rotor Relative Exit Flow Angle 

deg 

A 

- 

Delta: Change or difference 


AB 

- 

Rotor Turning Angle 

deg 
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Symbol 

Y 


Deacrlptlon 

Ratio of Specific Heats 


Units 


p 


Density 

Kg/ro 

X 

- 

Time Delay 

sec. 

0 

- 

Acoustic Wave Propagation Angle 

deg. 

Subacrlpts 

h 

- 

Hub 


P 

mm 

Pitch 


r 

- 

Relative 


t 

- 

Tip 


T 

- 

Total Conditions 


S 

- 

Static Conditions 


o 

- 

Standard Atmospheric Conditions 


0 

- 

Turbine Inlet Measuring Station 


1.0 

- 

Stator Exit Station 


1.2 

mm 

Rotor Exit Station 


2.0 

- 

Turbine Exit Measuring Station 
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APPENDIX A - LOW PRESSURE TURBINE AERO AND ACOUSTIC RESULTS 


Appendix A contains tabulations of the blade-row attenuations for all 
test conditions over the range of frequencies explored for both the 1- and 
3-stage builds of the low pressure turbine. The aerodynamic performance 
results are also presented along with turbine flow diagrams which Include 
Interstage and Intrastage data. The vector diagram nomenclature Is described 
In Figure 57. 
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• sign Convention for Positive Flow Angles 



Figure 57. Vector Diagram NcN^nclatiare. 



Table 8. Blade-Row Accenuaclon* AdB, (HLFT-IVA, l-Stage Build* 
Low Pceaaure Turbine). 


a. 110% Tto ■ 422 K, Pto ■ 275.8 kN/m^ 


Teat 

Polnc No. 

2546 

2246 

1946 

1646 

Fund 

. Freq.* Hz 

ASPL 

APWL 

ASPL 

APWL 

ASPL 

APWL 

ASPL 

APWL 


55 

- 

mm 

25.5 

20.4 

27.0 

21.9 

22.5 

17.4 


83 

23.0 

17.9 

m 

- 

- 

- 

- 

- 


125 

14.5 

9.4 

- 

mm 

m 

- 

aw 

m 


164 

- 

- 

14.5 

9.4 

13.0 

7.9 

8.5 

3.4 


300 

7.0 

1.9 

15.5 

10.4 

23.0 

17.9 

10.5 

5.4 


400 

10.5 

5.4 

12.5 

7.4 

14.0 

8.9 

11.0 

5.9 


750 

5.0 

0 

6.0 

0.9 

3.5 

0 

3.0 

0 


1000 

4.5 

0 

6.0 

0.9 

5.5 

0.4 

12.0 

6.9 


1175 

13.2 

8.2 

2.8 

0 

4.8 

0 

4.2 

0 

2nd 

Harmonic* Hz 
110 

mm 

■a 

9.0 

3.9 

7.5 

2.4 

7.5 

2.4 


167 

9.0 

3.9 

- 

- 

aw 

- 

- 

mm 


250 

9.0 

3.9 

- 


- 

- 

- 

- 


328 

aw 

- 

8.0 

2.9 

4.5 

0 

2.5 

0 


600 

15.5 

10.4 

22.5 

17.4 

17.5 

12.4 

8.5 

3.4 


800 

22.5 

17.4 

15.0 

9.9 

16.0 

10.9 

14.5 

9.4 


1500 

13.0 

7.9 

5.5 

0.4 

10.5 

5.4 

2.0 

0 


2000 

14.2 

9.2 

14.2 

9.2 

14.2 

9.2 

17.2 

12.2 


2350 

13.3 

8.6 

20.8 

15.6 

23.8 

18.6 

19.2 

14.2 

3rd Harmonic* Hz 
165 

aw 

■■ 

12.0 

6.9 

17.5 

12.4 

10.0 

4.9 


250 

19.0 

13.9 

mm 

- 

- 

- 

- 

n* 


375 

14.5 

9.4 

- 

- 

- 

aw 

- 

- 


492 

aai 

m 

14.5 

9.4 

13.5 

8.4 

10.5 

5.4 


900 

15.0 

9.9 

8.5 

3.4 

11.5 

6.4 

3.0 

0 


1200 

2.2 

0 

25.8 

20.6 

6.8 

1.6 

5.8 

0.6 


2250 

23.0 

17.9 

18.5 

13.4 

12.5 

7.4 

17.0 

11.9 


3000 

21.5 

16.4 

21.0 

15.9 

18.0 

12.9 

13.0 

7.9 


3525 

17.0 

11.9 

14.0 

8.9 

11.0 

5.9 

16.0 

10.9 

/\dB 

100 

m 

1200 


6.7 


7.4 


6.4 


3.4 
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Table 8. Blade-Row Attenuation, AdB, (HLFT-IVA, 1-Stage Build, 
Low PresBuce Turbine) (Continued). 

b. 100% N/^o. Tto - ^22 K, Pto * 275.8 kN/m^ 


Test Point No. 2542 2242 1942 1642 


Fund . Freq . , Hz 

ASPL 

APWL 

ASPL 

APWL 

ASPL 

APWL 

ASPL 

APWL 

55 

21.8 

16.6 

24.8 

19.6 

27.5 

22.4 

24.0 

18.9 

164 

13.2 

8.2 

15. 0 

9.9 

13.2 

8.2 

7.5 

2.4 

300 

12.0 

6.9 

14.0 

8.9 

24.8 

19.6 

12.5 

7.4 

400 

11.5 

6.4 

11.8 

6.6 

14.0 

8.9 

12.5 

7.4 

750 

6.0 

0‘.9 

4.5 

0 

5.0 

0 

3.0 

0 

1000 

3.5 

0 

5.5 

0.4 

5.0 

0 

12.5 

7.4 

1175 

16.5 

11.4 

12.0 

7.0 

5.6 

0.4 

5.3 

0.2 

2nd Harmonic, Hz 









110 

9.0 

3.9 

8.5 

3.4 

7.5 

2.4 

4.5 

0 

328 

8.8 

3.6 

8.8 

3.6 

5.5 

0.4 

3.5 

0 

600 

17.0 

11.9 

17.2 

12.2 

19.2 

14.2 

14.0 

8.9 

800 

17.5 

12.4 

13.5 

8.4 

14.8 

9.6 

9.0 

3.9 

1500 

9.5 

4.4 

7.5 

2.4 

6.2 

1.2 

l.O 

0 

2000 

13.5 

8.4 

12.6 

7.6 

16.2 

11.0 

16.7 

11.6 

2350 

17.7 

12.6 

20.0 

14.9 

19.2 

14.2 

26.7 

21.6 

3rd Harmonic, Hz 









165 

13.5 

8.4 

18.0 

12.9 

15.5 

10,4 

10.0 

4.9 

492 

13.0 

7.9 

18,2 

13.2 

12.0 

6.9 

8.5 

3.4 

900 

11.8 

6.6 

10.2 

5.2 

14.2 

9.2 

5.0 

0 

1200 

15.8 

10.6 

12.4 

7.3 

9.8 

4.7 

5.5 

0.4 

2250 

15.4 

10.2 

22.5 

17.4 

23.5 

18.4 

14.5 

9.4 

3000 

20.2 

15.2 

15.2 

10.2 

18.5 

13,4 

18.0 

12.9 

3525 

19.5 

14.4 

21.8 

16.6 

12.2 

7.2 

19.0 

13.9 

100 









AdB - 


7.1 


7.1 


6.8 


3.3 

1200 
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Tabid 8, Blad»>Row Attenuation* AdB» (HLFT**1VA, 1-Staga Build. 
Low Preasura Turbina) (Contlnuod). 

c. 90% N//r^, Tfo ■ 422 K, Pto ■ 275.8 kN/m^ 


Taat Point No. 2537 2237 1937 1637 


Fund. Fraq.» Hz 

dSPL 

4PWL 

4SPL 

4PWL 

4SPL 

4PWL 

4SPL 

APWL 

55 

21.5 

16.4 

22.0 

16.9 

26.0 

20.9 

24.5 

19.4 

164 

13.5 

8.4 

15.8 

10.6 

13.0 

7.9 

8.5 

3.4 

300 

7.0 

1.9 

15.5 

10.4 

25.0 

19.9 

12.0 

6.9 

400 

11.5 

6.*« 

11.8 

6.6 

14,0 

8.9 

10.5 

5.4 

750 

5.0 

0 

4.2 

0 

3.0 

0 

2.5 

0 

1000 

4.5 

0 

3.2 

0 

4.5 

0 

9.5 

4.4 

1175 

14.2 

9.2 

9.2 

4.2 

7.2 

2.2 

5.8 

0.6 

2nd Harmonic. Hz 

110 

10.0 

4.9 

9.2 

4.2 

7.0 

1.9 

6.0 

0.9 

328 

11.0 

5.9 

10.8 

5.6 

6.5 

1.4 

4.5 

0 

600 

10.5 

5.4 

18.8 

13.6 

12.0 

6.9 

12.5 

7.4 

800 

26.0 

20.9 

12.5 

7.4 

15.0 

9.9 

12.0 

6.9 

1500 

12.0 

6.9 

13.8 

8.6 

7.0 

1.9 

0 

0 

2000 

13.2 

8.2 

15.0 

9.9 

15.8 

10.6 

16.8 

11,6 

2350 

21.8 

16.6 

13.8 

8.6 

16.2 

11.2 

17.8 

12.6 

3rd Harmonic. Hz 

165 

14.5 

9.4 

15.2 

10.2 

19.0 

13.9 

10.0 

4.9 

492 

12.5 

7.4 

16.5 

11.4 

11.5 

6.4 

18.0 

12.9 

900 

16.5 

11.4 

9.5 

4.4 

9.5 

4.4 

4.0 

0 

1200 

12.2 

7.2 

12.5 

7.4 

16.8 

11.6 

5.8 

0.6 

2250 

14.5 

9.4 

21.2 

16.2 

16.5 

11.4 

19.5 

14.4 

3000 

22.5 

17.4 

18.5 

13.4 

20.5 

15.4 

13.0 

7.9 

3525 

19.5 

14.4 

20.2 

15.2 

18.5 

13.4 

25.0 

19.9, 


__ 100 

AdB - 7.0 6.9 6.8 3.9 

1200 


s 

i 





Table 8. Blade-Row Accenuatlou, AdB, (HLFT**1VA» 1-SCage Bulld» 
Low Preaaure Turbine) (Continued)# 

d. 70 % Tto 422 K, Pto “ 275.8 kN/m^ 


Teat Point No. 2229 


1929 


1629 


Fund 

1 . Freq., Hr 

ASPL 

APWL 

55 

18.5 

13.4 

164 

13.0 

7.9 

300 

29.5 

24.4 

400 

11.5 

6.4 

750 

4.0 

0 

1000 

6.5 

1.4 

1175 

13.8 

8.6 

2nd 

HMTtnonic, Hz 



110 

10. 0 

4o9 

328 

7.5 

2.4 

600 

18.5 

13.4 

800 

19.0 

13.9 

1500 

4.5 

0 

2000 

18.2 

13.2 

2350 

20>2 

15.2 

3rd 

Harmonic, Hz 



165 

12.5 

7.4 

492 

11.5 

6.4 

900 

6.0 

0.9 

1200 

21.8 

16.6 

2250 

19.0 

13.9 

3000 

21.5 

16.4 

3525 

21.5 

16.4 


100 



AdB 

IB 


8.2 


1200 




ASPL 

APWL 

ASPL 

APWL 

20.0 

14.9 

24,0 

18.9 

13.5 

8.4 

9.0 

3.9 

31.0 

25.9 

14.0 

8.9 

12.0 

6.9 

10.0 

4.9 

4.0 

U 

3.0 

0 

5.5 

0.4 

6.5 

1.4 

8.2 

3.2 

8.2 

3.2 

10.5 

5.4 

6.5 

1.4 

7.0 

1.9 

4.0 

0 

15.0 

9.9 

16.0 

10.9 

21.0 

15.9 

10.5 

5.4 

13.0 

7.9 

3.5 

0 

13.8 

8.6 

12.2 

7.2 

15.8 

10.6 

20.8 

15.6 

12.0 

6.9 

9.5 

4.4 

10,5 

5.4 

9.5 

4.4 

11.0 

5.9 

8.5 

3.4 

10.2 

5.2 

6.8 

1.6 

22.5 

17.4 

19.5 

14.4 

17.0 

11.9 

16.5 

11.4 

21.5 

16.4 

19,0 

13.9 


7.3 


3.8 
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Tabla 

c. 


8. Blad«-Row Attenuation, AdB, (HLFT-IVA. 1-Staga Build, 
Low Praaaure Turbina) (Concluded). 

50« N//i^, Tto - A22 K, P^o - 275.8 kN/ra*^ 


Test Point No. 

1621 

Fund. Freq., He 

ASPL 

APWL 

55 

22.5 

17.4 

164 

23.0 

17.9 

300 

13.0 

7.9 

400 

9.5 

4.4 

750 

2.5 

0 

1000 

3.5 

0 

1175 

7.2 

2.2 

2nd Harmonic, Hz 



110 

6.5 

1.4 

328 

9.0 

3.9 

600 

16.5 

11.4 

800 

9.5 

4.4 

1500 

3.5 

0 

2000 

10.8 

5.6 

2350 

26.2 

21.2 

3rd 

Harmonic, 



165 

8.0 

2.9 

492 

9.5 

4.4 

900 

9.0 

3.9 

1200 

10.2 

5.2 

2250 

18.5 

13.4 

3000 

19.5 

14.4 

3525 

22.5 

17.4 


100 



AdB 

m 


5.0 


1200 




99 


100 




Table 9. Aerodynamic Performance Parameters, 1-Stage low Pressure Turbine. 


• P^Q = 275.8 kN/m^ (40 psia), * 422 K (760’ R) 


m/iff 

Test 

Point 

Pto/Pt2 

PtO/^S2 

Heasur. 

Plane 

^TO/Psi.2 

Rotor 

Exit 

W 2 Corr. 
(Ibm/sec) 

W 2 Corr. 
(kg/sec) 

t III! 

Psh/»2 

(Btu/lbm) 

(kJ/kg) 

/ ‘STD| 

110 

2546 

1.916 

2.4’9 

3.26 

45. 77 

20.76 

3825 

26.59 

61.8 


2246 

1.806 

2.182 

2.43 

45.41 

20.60 

3791 

24.87 

57.8 


1946 

1.660 

1.884 

2.00 

45.26 

20.53 

3814 

21.10 

49.1 


1646 

1.468 

1.586 

1.63 

42.99 

19.50 

3458 

16.13 

37.5 

lOG 

2542 

1.872 

2.476 

3.53 

45.59 

20.68 

3467 

25.80 

60.0 


2542R 

1.876 

2.478 

3.54 

45.80 

20.77 

3468 

25.70 

59.8 


2242 

1.774 

2.181 

2.49 

45.38 

20.58 

3459 

24.12 

56.1 


2242R 

1.779 

2.181 

2.48 

45.69 

20.72 

3473 

23.86 

55.5 


1942 

1.640 

1.884 

2.01 

45.49 

20.63 

3464 

20.76 

48.3 


1942R 

1.640 

1.884 

2.02 

45.26 

20.53 

3454 

21.06 

49.0 


1642 

1.468 

1.586 

1.64 

43.71 

19.83 

3458 

16.13 

37.5 

90 

2537 

1.834 

2.478 

3.46 

45.79 

20.77 

3134 

24.41 

56.8 


2237 

1.740 

2.180 

2.56 

45.47 

20.62 

31U 

22.86 

53.2 


2237R 

1.742 

2.182 

2.56 

45.59 

20.68 

3127 

22.82 

53.1 


1937 

1.618 

1.884 

2.04 

45.34 

20.57 

3124 

20.23 

47.1 


1637 

1.452 

1.586 

1.64 

44.27 

20.08 

3124 

15.73 

36.6 

70 

2229 

1.662 

2.181 

3.14 

45.49 

20.63 

2424 

19.50 

45.4 


1929 

1.560 

1.884 

2.10 

45.53 

20.65 

2444 

17.74 

41.3 


1629 

1.408 

1.585 

1.68 

45.18 

20.49 

2418 

14.10 

32.8 

50 

1621 

1.358 

1.584 

1.71 

45.22 

20.51 

1738 

11.72 

27.3 
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POINT NO, 

STATOR 1 

velocity 
FLOH ANGLE 
STATIC PPESSUPF 

total TEPP. 

STATIC TF«P. 
MACH number 

rotor i 

PEIATIVE VFL. 
REl , FLOW angle 
STATIC PRESSURE 

total temp. 

STATIC temp. 
PEL. MACH NO. 
wheel VELnCITy 


Table 10(a). HLFT-IVA 1-Stage LP Turbine Flow Oiagrass, 110% Speed. 

110% SPEE15 



HUB 

MfTCM 

TIP 


inlet 

EXIT 

»nlet 

EXIT 

INtfT 

EXIT 

(M/SEC) 

20S. 

39a. 

298. 

367, 

208, 

305, 

(OEGREESI 

20. 

63. 

20. 

63. 

20. 

6?. 

(KN/Mn2) 


132.0 

229.7 

106,9 

229,7 

159,0 

C0F6. KELvIN) 

023. 

023. 

023. 

023. 

023. 

023. 

C0E6. KELVINS) 

002. 

307. 

002. 

356. 

002. 

360, 


0.510 

1.057 

0.519 

0.972 

0.518 

0.900 


HOB 

PITCH 


HP 


tnlet 

exit 

INLET 

EXIT 

INLET 

exit 

(M/SEC) 

279, 

015. 

239. 

007, 

210. 

001, 

(DEGREES) 

5«. 

50. 

51. 

60. 

06. 

63. 

(KN/PO?) 

132.0 

81.5 

1=16.9 

87,8 

159.0 

90,1 

(DEG. KELvIW) 

92^. 

355. 

023. 

35?. 

023. 

iOQ, 

(DEG. AELVIN) 

3«T. 

308. 

356. 

312. 

360. 

310. 


O.TOS 

1,191 

0.627 

1.160 

0,507 

1.136 

(P/SEC) 

125. 

125. 

157. 

139. 

ISO. 

150, 
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Table 10(a). HLFT-IVA 1-Stage U» Itirbine Flow Diagrams, llOJ, Speed (Ccmtinued) . 


POTNT MU. ??d6 


♦ 





IlOX SPEED 

STATOR 1 



HUH 

INLfT exit 

PITCH 

INLET EXIT 

inlet 

UP 

EXIT 

VElOriTY 

• 

# 

(M/SFC) 

20«. 

383. 

208, 

357. 

208. 

336. 

FLOIfil AMGLF 

• 

9 

fUFGREEs) 

20. 

63. 

2®. 

63. 

20. 

62, 

STATIC PPCSSURe 

m 

9 

(KN/Mn?) 

230,0 

138.0 

230.0 

152.5 

230.0 

164.1 

TOTAL temp. 

• 

9 

(OEG. KFLVIN) 

«23. 

«23. 

023. 

023. 

023, 

023. 

static tfmp. 

9 

9 

(DEG. KELvIW) 

002, 

351. 

00?, 

360. 

002. 

367. 

MACH number 

• 

9 


0.517 

1.022 

0.517 

0.9«t 

0,517 

0.875 

rotor I 



HUB 

INLET EXIT 

PITCH 

inlet EXIT 

inlet 

UP 

exit 

RELATIVE VEL. 

m 

9 

(M/SEC) 

268. 

318, 

229, 

317. 

201, 

316. 

PEL. FLOW ANGlF 

• 

* 

(DEGREES) 

50. 

58. 

50. 

61. 

05. 

64. 

STATIC PRESSURE 


(KN/Mn2) 

138. a 

122.2 

152,5 

125.0 

160.1 

126.9 

TOTAL TEMP. 

• 

9 

(DLG; KELVIN) 

023. 

365. 

023. 

363. 

023. 

362, 

STATIC TFMP, 

1 

(OEG. KELVIN) 

351. 

301. 

360. 

303. 

367. . 

304, 

REL, MACH NO. 

m 

9 


0.7t3 

0.861 

0.600 

0.856 

0.522 

0.853 

WHFEL VELOCITY 

m 

9 

(M/SEC) 

!25. 

125 . 

137. 

139. 

150. 

154, 













•-s 
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Table 10(a). 
POINT NO, 1906 

stator 1 

VELOCITY 
FLOW ANGLE 
STATIC PRESSURE 
TOTAL TEMP, 

STATIC TEMP, 

MACH number 

ROTOR I 

RELATIVE VEL. 

REL. FLOW ANGLF 
STATIC PRESSURE 
TOTAL TEMP, 

STATIC TEMP. 

REL, MACH NO, 

WHEEl VELOCITY 


LP roirbine Flov Oiagraas, 110% Speed (Continue). 


HUB 


HLFT-IVA 1-Stage 


; (M/SEC) 

; (ofgrees) 

; (KN/MnE) 
f (DEG. KELVIN) 
: (OEG'. KELVIN) 
S 


; (m/seC) 

s (Degrees) 

; (KN/Mn?) 

S (OEG. KELVIN) 
! (OEG. KELVIN) 
) 

f (M/SEC) 


inlet 

EXIT 

206, 

365. 

• 

o 

CM 

63. 

230,9 

146.1 

923, 

423, 

402. 

357. 

0,5I2 

0.966 

HUB 

inlet exit 

251, 

291. 

53, 

58. 

148,1 

135.8 

423, 

369. 

357, 

351. 

0,662 

0,778 

125, 

125. 


PITCH 


inlet 

EXIT 

296. 

341. 

20. 

63. 

230.9 

161,5 

423, 

423. 

402. 

366. 

0.512 

0.890 

PITCH 

inlet exit 

214. 

292. 

49, 

61. 

161.5 

138.2 

423. 

368. 

366. 

352. 

0,556 

0.778 

137. 

139. 


IIOZ SPEED 
UP 


INLET 

EXIT 

206. 

320, 

2®. 

62. 

230.9 

172.6 

423. 

423, 

402. 

572. 

0.511 

0.829 

HP 

INLET 

EXIT 

187. 

293. 

43. 

64. 

172.6 

139,4 

423. 

367. 

372. 

353. 

0,48? 

0,780 

150, 

154, 
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Table 10(a). HLFT-IVA 1-Stage LP Turbine Flow Diagraas, 110% Speed (Concluded). 


POINT WO. 1606 







iioz 

SPEED 

STATOR 1 



HUB 

PITCH 

TIP 




inlet 

EXIT 

IHET 

EXIT 

INLET 

EXIT 

VELOCITY 

• 

9 

(M/SEC) 

186. 

29S. 

186, 

275. 

186. 

259. 

FLOW ANGI F 

• 

9 

(DEGREES) 

20, 

64. 

2®. 

63. 

2©. 

62. 

STATIC PRESSURE 

m 

0 

(kn/Md?) 

238.8 

186.1 

238,8 

196.3 

238.8 

204,6 

TOTAL temp. 

• 

9 

(DEG. KELVIN) 

423, 

423. 

423, 

423. 

423. 

423. 

STATIC TFWP, 

; 

(DEG. KELVIN) 

406, 

380. 

406, 

386, 

406. 

390, 

MACH number 

; 


0,460 

0,756 

0.460 

0.700 

0,459 

0.654 

ROTOR 1 



HUB 

PITCH 

TIP 




inlet 

EXIT 

inlet 

EXIT 

inlet 

exit 

RELATIVE VEL. 

« 

9 

(M/SEC) 

184. 

221. 

155. 

226. 

13X, 

231. 

PEL. FLOW angle 

• 

9 

(DfGREES) 

50. 

58, 

IV 

• 

61. 

34. 

65. 

STATIC PRESSURE 

• 

(KN/Mn?) 

186,! 

175.9 

196.3 

176.6 

204.6 

176,8 

TOTAL TEMP, 

• 

9 

(DEG. KELVIN) 

423. 

504. 

423. 

383, 

423. 

383, 

STATIC TEMP, . 

• 

9 

(OEG'. KELVIN) 

380, 

375. 

386. 

376, 

390. 

376. 

REL, MACH NO, 

• 

9 


0.C70 

0.570 

0.393 

0.583 

0.336 

0,595 

WHFEL velocity 

f 

(M/SEC) 

125. 

125, 

137, 

139, 

150. 

154, 
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Table 10(b). HLFT-IVA 1-: 


POINT NO. ?50? 
STATOR 1 

VEtOCITY 

9 

(M/SEC) 

FLOW ANGLE 

m 

9 

(OfGREES) 

STATIC PRESSURE 

9 

(KN/M,a2) 

TOTAL TEMP, 

9 

(OEG. KELvIN) 

STATIC TEMP. 

• 

9 

COEG. KELVIN) 

MACH number 

m 

9 


ROTOR 1 

RELATIVE VEL. 

m 

9 

(M/SEC) 

REL, FLOW angle 

• 

9 

(DEGREES) 

STATIC PRESSURE 

• 

9 

(KM/Mn2) 

TOTAL TEMP. 

• 

9 

(OEG. KELVIN) 

STATIC temp. 

9 

9 

(DEG. KELVIN) 

REL, MACH NO. 

• 

9 


WHEEL velocity 

m 

9 

(M/SEC) 




LP Turbine Flow Oiagraas, 100% Speed. 


1001 SPEED 


HUB PITCH TIP 


inlet 

EXIT 

inlet 

EXIT 

INLET 

EXIT 

209. 

QIO. 

209, 

383. 

209. 

560, 

20, 

63. 

20. 

63. 

20. 

62. 

229,6 

123.5 

229,6 

138.4 

229.6 

151.0 

923, 

923. 

923. 

423. 

423. 

423. 

902, 

390. 

902. 

351. 

402. 

359. 

0.520 

1.112 

0.520 

1.022 

0.519 

0.949 

HUB 

inlet exit 

PITCH 

inlet exit 

TIP 

inlet exit 

309, 

927. 

263. 

416. 

234. 

409, 

55, 

56. 

59. 

59. 

49. 

63, 

123,5 

77.5 

138.4 

84,7 

151.0 

87.4 

923, 

558. 

923. 

354. 

423. 

352, 

390, 

303. 

35l. 

309. 

359. 

312. 

0,820 

1.232 

0.695 

1.192 

0.6U 

1.162 

113, 

119. 

125. 

127, 

137. 

140. 
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Table 10(b). HLFT-IVA 1-; 
POINT NO. ?2tl2 

STATOR I 


VEI nciTT 

• 

9 

(m/SeC) 

FLOW ANGLt 

• 

9 

(Degrees) 

STATIC PRESSURE 

m 

0 

(KN/Pn2) 

TOTAL temp. 

t 

(OEgI KELVIN) 

STATIC TFMP, 

• 

9 

(OEG. KELVIN) 

MACH number 

• 

• 


ROTOR 1 

relative vfl. 

• 

# 

(M/SFC) 

REL. FLOW angle 

« 

0 

(DEGREES) 

STATIC PRLSSURF 

• 

9 

(Kn/nd2) 

TOTAL TEMP. 

• 

9 

(DEG'. KELvI^) 

STATIC temp. 

; 

(OEG. KELVIN) 

REL, MACH NO. 

• 

9 


WHFEL velocity 

• 

9 

Cm/SEC) 




LP Turbine Flow Diagraas, 100% Speed (Cootinued) , 


HUB 


inlet 

EXIT 

20<*. 

«|0. 

20. 

63. 


123.5 

T23. 

023. 

002, 

340. 

0.520 

1.112 

HUB 

inlet exit 

300. 

363. 

55. 

58. 

123.5 

102.6 

023. 

363. 

300. 

526. 

0,8?0 

1.007 

113. 

no. 


PITCH 


inlet 

EXIT 

209, 

383. 


63. 

229.6 

138.4 

423. 

423. 

402. 

351. 

0.520 

1.022 


PITCH 


inlet 

EXIT 

263. 

357. 

54. 

61. 

138.4 

107.8 

423. 

361. 

351. 

330. 

0.645 

0.986 

125. 

127. 


100% SPEED 
IIP 


inlet 

EXIT 

209. 

360, 

20. 

62. 

220.6 

ISl.O 

423. 

423. 

402. 

359. 

0.519 

0.949 

TIP 

INLET 

EXIT 

234. 

353. 

49. 

64. 

151.0 

110.4 

423. 

358, 

359. 

332. 

0.612 

0,970 

137. 

140. 
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Table 10(b) . HLFT-IVA 1-Stage LP TUrbine Flow Diagraas, 100% Speed (&»tinued) 


POINT NO. 1902 

STATOR 1 

VELOCITY 
FLOW ANGLE 
STATIC PRESSURE 
TOTAL TEMP, 
STATIC temp. 
MACH number 

ROTOR 1 

RELATIVE VEL. 
PEL. FLOW ANGLF 
STATIC PRESSURE 
TOTAL TEMP. 
STATIC TEMP. 
REL. MACH NO, 
WHEEL velocity 


(M/SEC) 
(DEGREES) 
(KN/MQ2) 
(OEG, KELvI^) 
(DE6. KELVIN) 


; (m/SEC) 

; (DEGREES) 

; (KN/MD2) 

I (OEG. KELVIN) 
? (OEG. KELVIN) 

; (M/SEC) 


HUB 


inlet 

EXIT 

208. 

383. 

20. 

63. 

230,0 

138.0 

023. 

023. 

A02. 

351. 

0,5l7 

1.022 

HUH 

inlet exit 

278. 

301. 

5?. 

58. 

138, a 

132.0 

A23. 

371. 

351. 

308. 

0.737 

0,806 

113 . 

110 . 


PITCH 


inlet 

EXIT 

208. 

357. 

20. 

63. 

230.0 

152.5 

023. 

023. 

002. 

360. 

0.517 

0.901 

PITCH 

inlet exit 

239. 

300, 

52, 

61, 

152.5 

135.2 

023. 

369. 

360. 

350. 

9,625 

0.801 

125, 

127, 


I 00* speed 
UP 


INLET 

exit 

208. 

336. 

20. 

62. 

230.0 

160.1 

023. 

023. 

002. 

367, 

0.517 

0,875 

TIP 

INLET 

exit 

211. 

299. 

07. 

60. 

160.1 

136.8 

023. 

368. 

367. 

351. 

0.507 

0.797 

157, 

too. 
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Table 10(b). HLFT-IVA 1-Stage LP Turbine Flow Diagrams , 100* Speed (Concluded). 






POINT NO, 16«? 

STATOR 1 

VELOCITY 
FLOW ANGLE 
STATIC PRESSURE 
TOTAL TEvp. 
STATIC TEMP, 
MACH number 

ROTOR I 

RELATIVE VEL. 
REL, flow angle 
STATIC PRESSURE 
TOTAL TEMP. 
STATIC temp. 
REL, MACH NO. 

wheel velocity 


; (M/SEC) 

i (DEGREESI 

; (Kn/Md2) 

; (DEG. KELVIN) 
; (DEG. keLvIN) 
; 

; (M/SEC) 

i (DEGREES) 

; (Ko/Mn2) 

S (DEG. KELvIN) 

) (DEG. KELVIN) 

• 

; (M/SEC) 


HUB 


INLET 

EXIT 

1R5. 

322. 

2®* 

60, 

235,0 

171.6 

023. 

023. 

000, 

3/2. 

O.OB5 

0,835 

HU6 

inlet EXIT 

219. 

2o2> 

53. 

58. 

171.6 

165.7 

023. 

382. 

372. 

369. 

0.565 

0.628 

113. * 

110. 


PITCH 


INLET 

EXIT 

195. 

301. 

20. 

83. 

235.0 

183.1 

023. 

023. 

OOO. 

3/8. 

0.065 

0.772 

PITCH 

inlet exit 

187. 

200, 

08. 

61. 

183.1 

167.2 

023. 

381. 

378. 

371, 

0.077 

0.630 

125. 

127, 


lOOZ SPEEO 
TIP 


.INLET 

exit 

195. 

282, 

20. 

62. 

235.0 

192,6 

023. 

023. 

ooo. 

380. 

0.080 

0.720 

TIP 

INLET 

exit 

162. 

206. 

02. 

65. 

192.6 

168.0 

023. 

380, 

380. 

371. 

0,012 

0.600 

137. 

too. 



POTNT MU. 2557 


qoi SP£EI> 


Table 10(c). HUT-IVA 1-Stage LP Turbine Flow Oiagraas, 90% Speed. 


STATOR 1 



HI 16 

PITCH 

TIP 




inlet 

EXIT 

INLET 

EXIT 

inlet 

exit 

VEIOCITY 

• 

# 

(M/SEC) 

209, 

031. 

209. 

902. 

209. 

378, 

FLOW ANGLE 

• 

9 

(DEGREES) 

20. 

62. 

20. 

02. 

20. 

62. 

STATIC PRESSURE 

• 

9 

(KN/Pn?) 

229,6 

U2.7 

229.6 

128.1 

229.6 

141,2 

TOTAL TEMP. 

• 

9 

(OEG. KELvIN) 

923. 

923. 

923. 

923. 

923. 

923. 

static temp. 

m 

9 

(DEG. KELVIN) 

402, 

332. 

902. 

393. 

402. 

353. 

MACH NUMRFR 

• 

9 


0.520 

l.tSf 

0.520 

1.0S9 

0,519 

1.005 

ROTOR 1 



HUB 

PITCH 


TIP 




inlet 

EXIT 

inlet 

EXIT 

INLET 

EXIT 

RELATIVE VEL. 

m 

9 

(M/SEC) 

335. 

930. 

290. 

917. 

261. 

408. 

REL, FLOW angle 

• 

9 

(Degrees) 

5b. 

55. 

56. 

59. 

52. 

63. 

STATIC PRESSURE 

• 

9 

(KN/MU2) 

112.7 

76.7 

126.1 

89,6 

191.2 

87,8 

TOTAL TEMP. 

i 

(DEG. KELvIM) 

423. 

361. 

923. 

358. 

923. 

356. 

STATIC TEMP, 

• 

9 

(OEG. KELvIN) 

332. 

503. 

393. 

310. 

353. 

312. 

REL. MACH no. 

f 


0,9o9 

1.292 

0.775 

1,195 

0.689 

1.160 

wheel velocity 

i 

(W/SEC) 

102. 

103, 

113. 

119. 

123. 

126. 


o 




i i siw iea-.;! 




Table 10(c) . HLFT-IVA 1-Stage LP Turbine Flow Diagraws, 90S Speed CCoatioued) . 


POINT NO. ??37 







90% 

SPEED 

STATOR 1 



HUB 

PITCH 

TIP 




inlet 

exit 

INLET 

EXIT 

INLET 

EXIT 

VELOCITY 


(M/StC) 

209. 

03l. 

209. 

002. 

209. 

378. 

FLOW ANGLf 

• 

# 

COEGREES) 

20. 

62. 

2o. 

62. 

20. 

62. 

STATIC PPeSSOPF 

t 

(KN/Mn?) 

220.6 

112.7 

229.6 

128.1 

229.6 

101,2 

TOTAL TEMP, 

1 

COEG. KELVIN) 

023. 

023. 

023. 

023. 

023. 

•23. 

STATIC temp. 

f 

(DEG. KELVIN) 

002, 

332. 

002. 

303. 

002. 

353. 

MACH number 

m 

0 


0.520 

1.1B1 

0.520 

1.080 

0.519 

1.005 

ROTOR 1 



HUB 

PITCH 

TIP 




inlet 

EXIT 

inlet 

EXIT 

inlet 

exit 

RELATIVE VEL, 

1 

(M/SEC) 

353. 

367. 

290. 

359. 

261. 

353. 

PEL. FLOW ANGLE 

7 

(Degrees) 

56. 

58, 

56. 

61. 

52. 

60. 

STATIC PPFSSURF 

• 

0 

(KN/Mn2) 

112.7 

101.5 

128.1 

107.0 

101,2 

:io.6 

TOTAL TEMP, 

f 

(DEG. KELwIN) 

923. 

366. 

023. 

363. 

023. 

361. 

STATIC TFMP. 

7 

COEG. KELVIN) 

332. 

326. 

303, 

331. 

353. 

332. 

PEL. MACH NO, 

7 


0,909 

1.018 

0.775 

0.990 

0.689 

0.970 

WHEEL velocity 

• 

0 

(M/SEC) 

102. 

103, 

113. 

no. 

123. 

126. 


Ill 


Table 10(c). HLFT-IVA 1-Sti^ U* Xbrbine Plov Oiasraas, 90S Speed (Coatluned) 


POINT NO, 1937 







90X SPEED 

STATOR 1 



HUB 

PITCH 


IIP 




inlet 

FXiff 

INLET 

EXIT 

INLET 

exit 

velocity 

• 

0 

Cm/SEC) 

208, 

399. 

208, 

372. 

208. 

350. 

FLOW ANGLE 

• 

0 

(Degrees) 

20, 

63, 

20, 

63, 

20. 

62. 

STATIC PRESSUPF 

1 

(KN/Mn?) 

22R.6 

129,8 

229.6 

144.4 

229 ,6 

156,6 

TOTAL temp. 

• 

0 

(DEG. KELVIN) 

A23, 

423. 

423. 

423, 

423, 

423, 

STATIC TFMP, 

• 

0 

(DEG. KELVIN) 

A02. 

344, 

402. 

355. 

402. 

363. 

MACH NUMOCR 

t 


0,5|9 

1.073 

0.519 

0.986 

0.519 

0.917 

ROTOR I 



HUB 

PITCH 

TIP 




inlet 

EXIT 

INLET 

EXIT 

INLET 

exit 

RELATIVE VEL. 

m 

0 

(M/SEC) 

302, 

303. 

262. 

300. 

234. 

299. 

rel, flow anglf 

» 

0 

(DEGREES) 

58. 

58. 

55. 

61. 

51. 

64, 

STATIC PRESSIIRF 

• 

0 

(KN/M02) 

t2’.8 

131,8 

144.4 

135.6 

156.6 

137.7 

TOTAL TEMP, 

• 

0 

(DEG. KELVIN) 

«25. 

373. 

423. 

372, 

423. 

370. 

STATIC TEMP, 

i 

(DEG. KELVIN) 

3A4, 

349. 

355. 

351. 

363. 

352. 

PEL, MACH NO. 

1 


0,«0R 

0,811 

0.691 

0,802 

0.610 

0,795 

whfel velocity 

• 

0 

(w/SEC) 

102, 

103, 

in. 

114. 

123. 

126. 




Table 10(c). HLFT-IVA 1-i 


POINT NO. 1657 



STATOR I 

VEiOCiTY 

S 

(M/SEC) 

FLOW AN6LF 

1 

(DEGREES) 

STATIC PRFSSUPF 

• 

# 

(KN/Mn2) 

TOTAL TEMP. 


(OEG. KELVIN) 

STATIC Temp. 

• 

(OEG*. KELVIN) 

MACH number 

f 


ROTOR 1 

RELATIVE VEL. 

• 

0 

(M/SEC) 

REL. FLOW angle 

• 

0 

(DFGREES) 

STATIC PRESSURF 

• 

0 

(KN/mu?) 

TOTAL TEMP. 

t 

(OEG. KELvIN) 

STATIC TFMP. 

0 

(OEG*. KELVIN) 

REl, MACH NO. 

• 

0 



WHFEL VElGCITY 


0 


CM/SEC) 


LP Turbine Flow Diagraas, 90% Speed (Concluded) 






e 

9 

SPEED 

HUB 

PITCH 

TIP 

inlet 

EXIT 

INLET 

EXIT 

IfllET 

exit 

195. 

322. 

IR5. 

301. 

195. 

282, 

• 

o 

CM 

60. 


63, 

2®- 

82. 

235.0 

171.6 

235,0 

183.1 

235.0 

192,6 

«23. 

023. 

023. 

025. 

023. 

•23. 

004, 

372. 

004, 

578, 

004. 

380, 

0.4R5 

0.P35 

0,065 

0.772 

O.OsS 

0,720 

HUB 

PITCH 

TIP 

inlet 

EXIT 

INLET 

EXIT 

INLET 

EXIT 

220. 

237. 

196, 

239. 

172. 

240. 

55. 

5«. 

51. 

01. 

46. 

64, 

171,6 

170.0 

|83.I 

172.2 

192,6 

173,2 

023, 

385. 

023. 

380. 

423. 

383. 

372. 

373. 

378. 

373. 

384. 

374, 

0.5R8 

0.610 

0.501 

0.618 

0,436 

0.620 

102, 

105. 

113. 

lie. 

123. 

126. 








Table 10(d>. HLFT>m 1-Stage LP Tbrbine Floe DiagraBS, 70S ^leedl. 


pnir^T NO. ???•> 







70* 

speed 

STATOR 1 



HUB 

PITCH 

TIP 




inlet 

EXIT 

iniet 

EXIT 

INLET 

exit 

VEl OCITV 

I 

LM/SECi 

209, 

085. 

209, 

050. 

209, 

028, 

FLOW ANGLE 

m 

9 

(degrefsj 

2 0, 

59. 

20, 

61. 

2®. 

®1. 

STATIC PRESSURE 

m 

9 

(kn/mdP] 

229.6 

85.0 

229,6 

100.6 

229.6 

110,3 

TOTAL temp. 

1 

COEG. KELvIN) 

023, 

023. 

023. 

023. 

023. 

023. 

STATIC Temp. 

} 

fOEG. KELVIN) 

002, 

307. 

002. 

321. 

002. 

333. 

MACH number 

1 


0.520 

1,382 

0.520 

1.260 

0.519 

1.170 

ROTOR 1 


• 

HUB 

PITCH 

TIP 




inlet 

EXIT 

INLET 

EXIT 

INLET 

exit 

RELATIVE VEL. 

• 

9 

Lm/SEC) 

005, 

013. 

358. 

396. 

331. 

380. 

REL, FLOW angle 

f 

f DEGREES 1 

56, 

56. 

58, 

60. 

56. 

60. 

STATIC PRESSURE 

• 

9 

CKN/Pn2) 

85,0 

85.0 

100.6 

93.5 

110.3 

98,2 

TOTAL TEMP. 

i 

COEG. KELVIN) 

023. 

371. 

023. 

368. 

023. 

366, 

STATIC TEMP. 

7 

(OEG. KELVIN} 

307. 

313. 

321. 

321. 

333. 

323. 

REL, MACh no. 

m 

9 


1.105 

1.172 

6.983 

1.113 

0.896 

1.070 

wheel velocity 

7 

CM/SEC) 

70. 

80, 

88. 

89, 

96. 

98. 


Table 10(d) . HLFT-IVA 1-St*ge LP Turbine Flow Diagraas, 70% Speed fCoatlaaed) 


POINT ^0. I9?q 







70* 

SPEED 

statoh 1 



HUB 

PITCH 

TIP 




INLET 

EXIT 

INLET 

EXIT 

INLET 

EXIT 

VELOCITY 

• 

m 

CM/SEC) 

?0N. 

«4P. 

204. 

418. 

204. 

545. 

FLOW ANGtF 

9 

9 

(Degrees) 

20. 

61. 

». 

02. 

20. 

42. 

STATIC PPFSSUPF 

1 

(KN/MQ?) 

2?R,6 

105.7 

224.6 

114.3 

224«6 

152.G 

TOTAL temp. 

• 

9 

(OEG. KELVIR) 


025. 

423. 

425. 

425. 

425. 

STATIC TFMP, 

9 

9 

(DEG. «ELvIN) 

«02. 

524. 

402. 

357. 

402. 

347, 

MACH NIJMpEO 

m 

9 


«.s?o 

1.242 

0.S20 

1.158 

0.514 

1.055 

ROTOR ! 



HUB 

PITCH 

TIP 




inlet 

EXIT 

I?*LET 

EXIT 

INLET 

exit 

REIATIVE VEt. 

9 

9 

(M/SEC) 


513. 

526. 

506. 

247. 

300. 

REL, FLnM ANGLE 

9 

R 

(DEGREES) 

s«. 

S8. 

58. 

61. 

S6. 

64. 

STATIC PRESSiiRE 

• 

« 

(KN/Mn2) 

105.7 

128.4 

114.5 

155.7 

I52«8 

15/.< 

TOTAl TEMP, 

a 

9 

(OEG. KELvPO 

d?3. 

374, 

425. 

5n. 

425, ' 

376. 

STATIC TEMP. 

« 

9 

(OEG. KELvIFi) 

52A. 

544. 

557. 

552. 

34#. 

355. 

REL. M*CH no. 

• 

• 


1.017 

4,834 

0.878 

0.816 

0.742 

0.80< 

WHFEl velocity 

• 

f 

{ M/SEC 5 

70. 

80 , 

88, 

84. 

46- 

4fc 


ns 


Table 10(d). HLFT-IVA 1-Stage UP Tttrblne Flow b igraws, 70% %»ed (Concluded). 


POINT NO. 1629 







TOT 

speed 

STftTOR 1 



HUB 

PITCH 

TIP 




inlet 

E*II 

INLET 

EXIT , 

INLET 

exit 

VEl OCITY 


(M/SEC) 

20b, 

3bS. 

296. 

301. 

206. 

320, 

FLOW ANGLE 

• 

9 

(OEGREES) 

20. 

63. 

20, 

65. 

20. 

02. 

STATIC PRESSURE 

1 

(KN/Mn2) 

2T0.9 

tOB.t 

230.9 

161.5 

230.9 

172.6 

TOTS.L TEPP, 

1 

(DEG. KELVINl 

023. 

823. 

023. 

023. 

023. 

023. 

STATIC TEMP. 

• 

9 

(DEG. KELVIN) 

«02, 

357. 

002. 

366. 

002. 

372. 

MACH number 

S 


0.S12 

0,966 

0.512 

0.890 

0.511 

0.829 

ROTOR 1 



HUB 

PITCH 

TIP 



- 

inlet 

EXIT 

inlet 

EXIT 

inlet 

EXIT 

RELATIVE vEL. 

m 

9 

(M/SEC) 

289. 

?bO. 

250. 

257. 

228. 

255. 

REL, FLOW angle 

• 

9 

(DEGREES) 

5N. 

58. 

57. 

61. 

53. 

00, 

static pressure 

m 

9 

(KN/MD2) 

IA8.1 

161.0 

*61,5 

160^6 

172.6 

106.9 

TOTAL TEMP. 

t 

(DEG. KELVIN) 

923. 

368. 

023. 

386. 

023. 

385, 

STATIC TEMP. 

• 

• 

9 

(DEG. KELVIN) 

357. 

369. 

366, 

370. 

372. 

371. 

REL. MACH NO. 

t 


0.760 

0,675 

0,659 

0.670 

0.587 

0.663 

nheei velocity 

• 

9 

(»VSEC) 

75. 

80. 

88. 

S9. 

96. 

98. 



Table 10(e). HLFT-IVA 1-Sta)?e U» Turbine Flow IHafrr^nis, 50JS 




0 ^ 



POT Ns NO. 1b?i 




STATOH 1 




VELOCITY 

• 

9 

(M/SEC) 


FLOW ANGLF 

c 

r 

(OEGREES) 


STATIC PRFSSUPE 

• 

# 

(KN/Mn2 j 


TOTAr temp. 

;s 

(DF6. KELVIN' 


STATIC TEMP, 

$ 

(DEG. KELVIN) 


MACH NUMBEF 

t 



ROTOP 1 




REI.ATIVF VEL. 

r 

9 

(M/SEC) 

QO 

REL* Flow ANGlF 


(DEGREES) 

i*f» 





STATIC PRESSURE 


(KN/Mn2) 

Si 





TOTAt TEMP. 

* 

(DEG. KELvIN) 

i? 

9s 

STATIC Temp. 
REL, MACH NO. 

& 

t 

<. 

(OEG'. KELVIN) 


WHEEt velocity 

• 

(u/SEC> 






503 

SPXE 

HUB 

P»TCl 

TIP 

tnlft 

FXTi 

TNI F ) 

fxt; 

INLET 

EXT, 

?0R, 

013. 

POP. 

IBS, 

209, 

362. 

20, 

63. 


63. 

20, 

62. 


f?2? 

R?P»6 

137,? 

229;* 

lOP^* 


0?3 

023 

o?3 

023, 

•23. 

A02. 

339. 

002. 

^SO, 

o*>?. 

350. 

0,5?C 

U12L 

0.52C 

1.02*: 

0,520 

0-9S* 

HlfB 

PtTCL 

TIP 

inlet 

FXfl 

tnie“ 

FXll 

INLET 

EX?T 

ISO. 

?7I, 

317, 

265. 

290, 

260, 


5«, 

60, 

61. 

SB . 

60 


157.1 

137.2 

1B2,5 

109.C 

166,' 

0?3- 

390. 

023. 

395, 

023. 

391 . 

339. 

369r 

350. 

371, 

35B, 

372. 

0,.9se 

0,706 

0*B39 

0-6B6 

0,T6l 

0.6-»' 


57- 

63- 

60 

69 

70 


- '**. 



Tablt 11. Blade-Row Afctanuatlon* AdB* (HL7T-IVA, 3-S£aga Build. 
Low Preaaure Turbine). 

a. 110% N/V^, Txo - 422 K, Pxo " 275.8 kU/m^ 


I 


f I 


\ 

i 


I 

i 

1 

1 


3 



I 

I 

1 


Teat Point No. 5246 4046 3046 2046 


Fund. Freq., Hz 

4SPL 

APtn. 

ASPL 

APWL 

ASPL 

APWL 

ASPL 

APWL 

83 

- 

- 

24.0 

14.9 

- 

- 

20.5 

XI a 4 

100 

- 

- 

- 

mm 

13.0 

3.9 

- 

- 

125 

29.0 

19.9 

20.0 

10.9 

23.5 

14.4 

- 

mm 

164 

mm 

- 

- 

mm 

mm 

- 

17.5 

8.4 

300 

26.0 

16.9 

22.0 

12.9 

15.0 

5.9 

22.0 

12.9 

400 

21.0 

11.9 

26.5 

17 . 

17.5 

8.4 

17.0 

7.9 

750 

23.0 

13.9 

19.5 

10.4 

19.0 

9.9 

17.0 

7.9 

1000 

25.0 

15.9 

12.0 

2.9 

10.5 

1.4 

5.0 

0 

1175 

21.8 

12.6 

23.2 

14,2 

20.8 

li.6 

20.8 

11.6 

2nd Harmonic. Hz 

167 

- 

- 

26.3 

17.4 

- 

mm 

13.0 

3.9 

200 

- 

- 

- 

- 

12.5 

3.4 

mm 

mm 

250 

19,0 

9.9 

19.5 

10.4 

17.0 

7.9 

mm 

- 

328 

- 

- 

- 

- 

mm 

mm 

20.5 

11.4 

600 

24.5 

15.4 

19.5 

10.4 

20.0 

10.9 

24.5 

15.4 

800 

26.5 

17.4 

23.5 

14.4 

23.0 

13.9 

21.0 

11.9 

1300 

25.5 

16.4 

33.5 

24.4 

21,5 

12.4 

19.5 

10.4 

2000 

31.2 

22.2 

28.2 

19.2 

25,2 

16.2 

25.8 

16.6 

2350 

28.8 

. 19.6 

26.2 

17.2 

32.8 

23.6 

28.2 

19.2 

3rd Harmonic. Hz 

250 

- 


18.5 

9.4 

- 

mm 

8.0 

0 

300 

mm 

- 

■■ 


12.5 

3.4 


- 

375 

24.0 

14.9 

21.0 

11.9 

17.0 

7.9 

- 

- 

492 

- 

- 

mm 


- 

- 

12.5 

3.4 

900 

25.0 

15.9 

21.5 

12.4 

20.5 

11.4 

15.5 

6.4 

1200 

30.2 

21.2 

25.2 

16.2 

20.8 

11.6 

16.8 

7.6 

2230 

31.5 

22.4 

29.0 

19.9 

30.0 

20.9 

25.5 

16.4 

3000 

30.5 

21.4 

23.5 

14.4 

22.5 

13.4 

19.0 

9.9 

3525 

31.5 

22.4 

36.5 

27.4 

23.5 

14.4 

28.5 

19.4 

i 100 

4dB 


15.5 


12.2 


8.4 


7.8 


11200 


117 


Tabl* 11. Bl«dt>Row Attenuation* AdB* (HLFT-IVA* 3-Stage Build, 
Low Preeeure Turbine) (Continued). 

b. lOOX N/»^, Txo - 422 K, Pfo " 275.8 kN/n^ 

Teet Point No. 5242 4042 3042 2042 


Fund. Freq., Hz 

ASPL 

APWL 

ASPL 

32 

28.5 

19.2 

25.5 

65 

- 

- 

- 

83 

23.5 

14.2 

23.0 

125 

m 

m 

27.5 

160 

29.5 

20.2 

- 

300 

18.5 

8.2 

21.5 

400 

20.0 

10.7 

22.5 

750 

18.5 

9.2 

17.5 

1000 

21.5 

12.2 

13.5 

1175 

23.3 

14.0 

24.8 

2nd Harmonic, Hz 




64 

16.7 

7.4 

17.0 

130 

- 

- 

- 

167 

23.0 

13.7 

25.0 

250 

- 

- 

23.0 

320 

14.5 

5.2 

- 

600 

25.5 

16.2 

19.5 

800 

24.5 

15.2 

25.0 

1500 

23.5 

14.2 

26.5 

2000 

43.5 

34.2 

36.3 

2350 

36.8 

27.5 

22.3 

3rd 

Harmonic, Hz 




96 

18.5 

9.2 

5.5 

195 

- 

- 

- 

250 

21.5 

12.2 

19.5 

375 

- 

- 

18.0 

480 

23.0 

13.7 

- 

900 

18.0 

8.7 

19.5 

1200 

21.3 

12.0 

18.8 

2250 

33.5 

24.2 

26.5 

3000 

35.0 

25.7 

28.5 

3525 

32.5 

23.2 

27.5 


100 




AdB 

8S 


13.3 



1200 


APWL 

ASPL 

APWL 

ASPL 

APWL 

16.2 

27.0 

17.7 

mm 

- 

- 

- 

- 

30.1 

20.8 

13.7 

17.5 

8.2 

- 

- 

18.2 

25.0 

15.7 

15.5 

6.2 

12.2 

16.5 

7.2 

20.5 

11.2 

13.2 

15.0 

5.7 

15.0 

5.7 

8.2 

17.5 

8.2 

15.5 

6.2 

4.2 

11.0 

1.7 

3.5 

0 

15.5 

21.3 

12.0 

15.8 

6.5 

7.7 

19.0 

9.7 

mm 

« 

> 

- 

mm 

15.0 

5.7 

15.7 

21.6 

12.3 

Ml 

« 

13.7 


- 

x8 . 5 

9.2 

» 

23.5 

14.2 

• 

Ml 

10.2 

18.5 

9.2 

19.5 

10.2 

15.7 

23.0 

13.7 

18.5 

9.2 

17,2 

24.0 

14.7 

20.0 

10.7 

27.0 

28.0 

18.7 

26.3 

17.0 

13.0 

31.8 

22.7 

28.3 

19.0 

0 

13.0 

3.7 


_ 

- 

- 

- 

15.6 

6.3 

10.2 

21.0 

11.7 

- 

- 

8.7 

- 

- 

15.5 

6.2 

- 

19.0 

9.7 

- 

- 

10.2 

19.5 

10.2 

15.0 

5.7 

9.5 

19.8 

10.5 

16.8 

7.5 

17.2 

25.5 

16.2 

27.8 

18.5 

19.2 

21.0 

11.7 

24.0 

14.7 

18.2 

29.5 

20.2 

24.5 

15.2 

11.0 


10.1 


6.8 
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Table 11. Blede-Row Actenuatlon, AdB, (HLFT-IVA, 3-Staga Build » 
Low Prasaura Turbina) (Continued). 

c. 90% N/»^, Txo ■ 422 K, Pxo ■ 275.8 kN/n^ 


Teat Point No. 5237 4037 3037 2037 


( Fund. Freq., Hs 

ASPL 

APWL 

ASPL 

APWL 

ASPL 

APWL 

ASPL 

APWL 

1 70 

- 

- 

25.0 

15.9 

26.5 

17.4 

aa 

- 

■ 83 

23.0 

13.9 

- 

- 

- 

- 

15.5 

6.2 

125 

16.0 

6.9 

20.0 

10.9 

- 

- 

11.5 

2.2 

164 

aa 

- 

mm 

- 

30.5 

21.4 

- 

mm 

300 

25.5 

16.4 

19.5 

10.4 

15.5 

6.4 

21.5 

12.2 

400 

23.5 

14.4 

22.5 

13.4 

15.0 

5.9 

14.0 

4.7 

750 

18.0 

8.9 

17.0 

7.9 

14.5 

5.4 

12.5 

3.2 

1000 

23.0 

13.9 

10.0 

0.9 

11.5 

2.4 

7.0 

0 

1175 

21.8 

12.6 

22.2 

13.? 

19.2 

10.2 

15.2 

6.0 

2nd Harmonic, Hz 









140 

aa 

aa 

23.5 

14.4 

25.0 

15.9 

- 

aa 

i 167 

26.0 

16.9 

- 

- 

aa 

aa 

19.5 

10.2 

250 

21.0 

11.9 

18.5 

9.4 

- 

- 

11.5 

2.2 

1 328 

aa 

- 

- 

tm 

20.5 

11.4 

- 

- 

1 600 

32.0 

22.9 

16.5 

7.4 

20.5 

11.4 

15.0 

5.7 

800 

21.5 

12.4 

24.5 

15.4 

24.0 

14.9 

15.5 

6.2 

1500 

33.5 

24.4 

27.5 

18.4 

20.0 

10.9 

17.5 

8.2 

2000 

36.8 

27.6 

37.2 

28.2 

24.8 

15.6 

26.2 

17.0 

i 2350 

30.2 

21.2 

24.8 

15.6 

30.8 

21.6 

29.2 

20.0 

3rd Harmonic, Hz 









1 210 

- 

mm 

13.5 

4.4 

14.0 

4.9 

- 

- 

250 

21.0 

11.9 

- 

- 

- 

- 

12.5 

3.2 

375 

23.0 

13.9 

18.0 

8.9 

- 

- 

15.0 

5.7 

492 

- 

- . 

- 

- 

19.5 

10.4 

- 

- 

900 

20.0 

10.9 

22.5 

13.4 

18.0 

8.9 

19.5 

10.2 

1200 

26.8 

17.6 

16.2 

7.2 

20.2 

11.2 

20.8 

11.4 

2250 

35.0 

25.9 

28.5 

19.4 

31.0 

21.9 

21.5 

12.2 

3000 

30.5 

21.4 

27.5 

18.4 

25.5 

16.4 

28.5 

19.2 

3525 

31.0 

21.9 

31.5 

22.4 

29.5 

20.4 

22.5 

18.2 


100 

AdB - 13.7 9.8 10.8 5.9 

1200 





Table 11. Blade-Row Attenuation, AdB, (HLFT-IVA, 3-Stage Build, 
Low Preaaure Turbine) (Continued). 

d. 70% N/»^, Tjo " 422 K, Pto " 275.8 kN/m^ 


Teat Point No. 4029 3029 2029 


Fund. Freq., Hz 

ASPL 

APWL 

ASPL 

APWL 

ASPL 

APWL 

83 

23.5 

14.4 

26.0 

16.9 

19.0 

9.7 

125 

19.5 

10.4 

- 

- 

13.5 

4.2 

164 


- 

42. C 

32.9 

- 

- 

300 

17.0 

7.9 

20.0 

10.9 

18.0 

8.7 

400 

20.5 

11.4 

14.5 

15.4 

19.0 

9.7 

750 

16.0 

6.9 

13.0 

3.9 

i.8.0 

8.7 

1000 

17.5 

8.4 

8.0 

0 

12.0 

2.7 

1175 

19.8 

10.6 

16.2 

7.2 

15.8 

6.4 

2nd Harmonic, Hz 

167 

32.5 

23.4 

19.0 

9.9 

17.5 

8.2 

250 

17.5 

8.4 

- 

- 

14.5 

5.2 

328 

- 

- 

17.5 

8.4 

- 

- 

600 

19.5 

10.4 

16.5 

7.4 

11.5 

2.2 

800 

19.5 

10.4 

28.0 

18.9 

20.0 

10.7 

1500 

29.5 

20.4 

24.0 

14.9 

19.0 

9.7 

2000 

26.8 

17.6 

24.2 

15.2 

30.8 

21.4 

2350 

23.8 

14.6 

15.2 

6.2 

22.2 

13.0 

3rd Harmonic, Hz 

250 

18.5 

9.4 

16.0 

6.9 

10.5 

1.2 

375 

19.0 

9.9 

- 

- 

16.5 

7.2 

492 

- 

- 

15.5 

6.4 

- 

- 

900 

14.5 

5.4 

16.5 

7.4 

10.0 

0.7 

1200 

18.8 

9.6 

14.8 

5.6 

27.8 

18.4 

2250 

31.5 

22.4 

31.5 

22.4 

22.0 

12.7 

3000 

34.5 

25.4 

31.5 

22.4 

30.5 

21.2 

3525 

25.5 

16.4 

11.5 

2.4 

24.0 

14.7 


100 

AdB ■ 10.2 10.1 6.7 

1200 
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Table 11. Blade-Row Attenuation, AdB, (HLFT-IVA, 3-Staga Build, 
Low Preaaura Turbina) (Continued). 

a. 50* N/»^, Tjo - 422 K, Pto " 275.8 kN/m^ 


Teat Point No. 

3021 

Fund. Freq., Hz 

ASPL 

APWL 

70 

24.0 

14.9 

155 

24.0 

14.9 

300 

24.0 

14.9 

400 

17.0 

7.9 

750 

11.5 

2.4 

1000 

7.5 

0 

1175 

21.8 

12.6 

2nd Harmonic, Hz 



140 

27.5 

18.4 

310 

16.0 

6.9 

600 

15.5 

6.4 

800 

20.0 

10.9 

1500 

24.0 

14.9 

2000 

22.2 

13.2 

2350 

26.2 

17.2 

3rd Harmonic, Hz 



210 

12.5 

3.4 

465 

18.0 

8.9 

900 

14.5 

3.4 

1200 

17.8 

8.6 

2250 

28.0 

18.9 

3000 

25.0^ 

15.9 

3525 

22.0 

12.9 

1 100 



AdB 


8.7 

11200 
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Table 12. Aerodynamic Performance Paramecere, 3-Stage Low Preeeure Turbine. 


e Pto ■ 275.8 kN/ro^ (40 pala). Tto - A22 K (760" R) 


%N 

v/T 

Teet 

Point 

Pto^^T2 

^T0^^S2 

Meaeur. 

Plane 

W 2 Corr 
(iWeac) 

W 2 Corr 
(kg/eec) 


Psn/BtuN 
W 2 \lbm/ 

£sh/m\ 

W2 \kg/ 


110 

5246 

4.812 

5.162 

45.70 

20 73 

3826 

55.92 

130.1 


4046 

3.743 

3.962 

45.76 

20. .’6 

3830 

48.04 

111.7 


3046 

2.866 

2.981 

45.29 

20.14 

3811 

38.74 

90.1 


3046R 

2.864 

2.932 

45.26 

20. ‘3 

3810 

38.82 

90.3 


2046 

1.959 

1.980 

43.24 

19. a 

3817 

21.84 

50.8 

100 

5242 

4.816 

5.168 

45.87 

20.81 ' 

3487 

55.72 

129.6 


5242R 

4.818 

5.171 

45.84 

20.79 

3480 

55.73 

129.6 


4042 

3.780 

3.964 

45.88 

20.81 

3496 

48.56 

113.0 


3042 

2.865 

2.981 

45.73 

20.74 

3492 

39.55 

92.0 


2042 

1.952 

1.980 

44.62 

20.24 

3472 

23.35 

54.3 

90 

5237 

4.816 

5.172 

45.89 

20.82 

3140 

54.70 



4037 

3.786 

3.966 

45.93 

20.83 

3124 

48.10 



3037 

2.873 

2.983 

45.91 

20.82 

3148 

39.8 



2037 

1.953 

1.980 

44.93 

20.38 

3049 

25.57 


70 

4029 

3.807 

3.964 

45.99 

20.86 

2454 

44.21 

102.8 


3029 

2.918 

2.980 

45.94 

20.84 

2453 

37.44 

87.1 


3029R 

2.901 

2.982 

45.89 

20.82 

2434 

37.52 

87.3 


2029 

1.958 

1.986 

46.34 

21.02 

2380 

26.37 

61.3 

50 

3021 

2.926 

2.986 

45.83 

20.79 

1754 

31.92 

74.2 
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Table 13(a). HLFT-IVA 3-Stage UP Tarbine Flow Diagr»as, 110% Speed 


POINT NO. 5206 


lt0% SPEEO 


STAT0» 1 

VEiOriTY 
FLOW ANGLE 
STATIC PRESSURE 
TOTAL TEMP. 

static temp, 

MACH number 

ROTOR 1 

RELATIVE VEL. 
REL, FLOW angle 

static pressure 
TOTAL temp, 
static temp. 
REL. MACH NO. 
WHEEL VEIOCITy 


(M/SEC) 

(Degrees) 

(KN/MH?) 
(DEG. KELVIN) 
(0EG‘. KELVIN) 


; (M/SEC) 

f (Degrees) 

f (KN/Ma2) 

! (OEG’. KELVIN) 
S (OEG’. KELvIN) 
9 


HUB 


inlet 

exit 

207. 

374. 

20. 

63. 

230, a 

143.5 

023. 

423. 

A02, 

354. 

0.515 

0.002 

HUB 

inlet exit 

260. 

303. 

• 

in 

58. 

103.5 

• 12^.0 

023. 

368. 

350, 

347. 

0.686 

0.813 

125. 

125. 


PITCH 


INLET 

EXIT 

207. 

340, 

20, 

63. 

230.4 

157.3 

423. 

423. 

402. 

363. 

0,515 

0,014 

PITCH 

inlet exit 

221. 

302. 

50. 

61. 

157,3 

132.6 

423. 

366. 

363. 

34B. 

C.577 

0.811 

137. 

130, 


TIP 


INUT 

exit 

207. 

328, 

20. 

42. 

230.4 

168,6 

423. 

423. 

402. 

370. 

0,514 

0.850 

TIP 

INLET 

EXIT 

104, 

303. 

44. 

64. 

168,6 

133.9 

423. 

364, 

370, 

340. 

0,501 

0,8|l 

150. 

154. 


(M/SEC) 
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Table 13<a). HLFT-IVA 3-Stage LP Turbine Flow Diagraas, 110% Speed CContimied) . 


PtUNT NO, 5?a6 







110% 

speed 

STATOR ? 



HUB 

inlet 

1 

EXIT 

PITCH 

inlet exit 

TIP 

INLET EXIT 

VELOrlTY 

9 

fM/SEC) 

1R«. 

3oB. 

1B3. 

313. 

168. 

287. 

FLOW ANGIF 

• 

» 

COFGHFEs) 

02. 

60. 

03. 

63. 

44. 

61. 

STATIC PRFSStiRF 

• 

r 

(KN/Pn2^ 

130.2 

BO.R 

132.6 

92.S 

138.2 

101.5 

TOTAl TEPP. 

« 

(DEG. KELvINT 

366. 

366. 

366. 

366. 

366. 

?66. 

STATIC TEMP. 

• 

(DEG. KELVIN) 

307, 

306. 

308. 

318. 

352. 

326. 

MACH NUMBER 

• 

m 


0.5?R 

0.091 

0.086 

0.877 

0.445 

0.79J 

ROTOR ? 



HUB 

inlet exit 

PITCH 

inlei exit 

TIP 

inlet 1X11 

REIATIVE VEL. 

• 

# 

(M/SeC) 

23R. 

277. 

187. 

280, 

153. 

260. 

REL, Flow angle 


(Degrees) 

52. 

56. 

0«5. 

59. 

33, 

65. 

STATIC PRESSURE 

» 

9 

(KN/MnPi 

eo.R 

72.0 

*>2.5 

70.2 

101.3 

70.1 

TOTAl TEMP. 

a 

(DEG. KELVIN) 

366. 

316. 

366. 

31S, 

366. 

312, 

STATIC TEMP. 

• 

(DEG. KELvIN) 

306. 

296, 

318, 

301, 

326. 

301. 

REL, MACH NO. 

c- 

9 


0.67^ 

O.BOf 

0.521 

0.807 

0.421 

0.8l« 

WHEEi VEI nCITv 

% 

9 

(M/SEC ;■ 

120. 

125, 

100. 

105. 

160. 

166. 


SI5I 


Table 13(a) 


HLFT-IVA 3-Stage LP Tbrbine Flo* Diagraas, IlOX ^leed (Ooatiiiiied) 


POINT NO. SlQb 







liOZ 

SPEEC 

STATOR 3 



HUR 

PITCH 

TIP 




INLET 

EXIT 

inlet 

EXIT 

inlet 

EXIT 

VELOCITY 

• 

9 

(M/SEC) 

181. 

265. 

165. 

232. 

143. 

209. 

FLOW AN6LF 


(Degrees) 

37. 

57. 

35. 

56. 

39, 

59. 

STATIC PRESSURE 

• 

# 

(KN/Mn2) 

72.? 

55.9 

74.2 

62.2 

77.7 

66,3 

TOTAL TEMP, 

• 

# 

(DEG. KELvIN) 

31R. 

314. 

314. 

314. 

314, 

314, 

STATIC TFmP. 

• 

9 

(DEG. KELVIN? 

298, 

279. 

301, 

268. 

304, 

293, 

MACH NUMBFR 

m 

9 


0,521 

0,792 

0.473 

0.680 

0,406 

0,610 

ROTOR 3 



HUB 

PITCH 

UP 




inlet 

EXIT 

inlet 

EXIT 

inlet 

exit 

RELATIVE VEL. 

9 

9 

(m/SEC) 

177, 

189, 

133. 

202. 

104. 

211. 

REL, FLOW ANGLE 

9 

(DEGREES) 

57, 

40. 

19. 

46. 

1. 

51, 

STATIC PRESSURE 

9 

9 

(KN/M02) 

55.9 

53.9 

62.2 

53.9 

66.3 

53,9 

TOTAl TEMP, 

• 

9 

(DEG. KELVIN) 

310. 

288. 

314, 

288. 

314, 

283. 

STATIC TEMP, 

9 

(DEG. KELVIN) 

279, 

278. 

288, 

277, 

293, 

277, 

REL, MACH NO. 

9 


0.526 

0.565 

0.390 

0.603 

0.502 

0,633 

wmfel velocity 

9 

(M/SEC) 

no. 

118. 

147. 

147, 

175, 

177. 



* 
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Table 

13(a) 

. HLFT-IVA 3-Stage LP Ttai^iDe Flow Oiagraas. IlOK Speed (CoatiiNied) . 


POINT NO. 40«6 







iioz 

SPEED 

STATOR t 



HUB 

PITCH 

TIP 




INLET 

EXIT 

inlet 

EXIT 

inlet 

exit 

VELOCITY 

• 

9 

(M/SEC) 

?06. 

365. 

206. 

01. 

206. 

320. 

FLOW AN6LF 

• 

9 

(OfGREES) 

• 

o 

M 

63, 

20. 

63. 

20. 

62. 

STATIC PRESSURE 

• 

9 

(KN/MB2) 

230,9 

lap.i 

230.9 

161.5 

230.9 

172,6 

TOTAl TEMP. 

f 

(DEG. KELVIN) 

023. 

«23, 

023. 

925. 

923. 

923. 

STATIC temp. 

• 

9 

(DEG. KELwIN) 

A02. 

357. 

902. 

366. 

902. 

372, 

MACH number 

• 

9 


0.512 

0.966 

0.512 

0.890 

0.5II 

0.829 

ROTOR 1 



HUB 

PITCH 

TIP 




inlet 

EXIT 

INLET 

EXIT 

INLET 

exit 

RELATIVE VEL. 

• 

9 

(M/SEC) 

251. 

28S. 

2U. 

292, 

187. 

293. 

REL, FLOW ANGLE 

m 

9 

(DEGREES) 

53. 

58. 

99. 

61. 

93. 

69. 

STATIC PRESSURE 

• 

9 

(hN/Mn?) 

108. 1 

135.8 

161.5 

138.2 

172.6 

139.9 

total temp. 

m 

9 

(OEG. KELVIN) 

023. 

369. 

923, 

368. 

923. 

367. 

STATIC temp. 

« 

9 

(OEG*. KELVIN) 

357. 

351. 

366. 

352, 

372. 

353. 

REL, MACH NO. 

m 

9 


0.862 

0.778 

0,556 

0.778 

0,982 

0.780 

WHEEL velocity 

m 

9 

(v/SEC) 

125. 

125. 

137. 

139. 

150, 

159. 
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Table 13(a). HLFT-IVA 3-Stage tP Itarbine Flow Diagrams, llOT Speed (Coetiaoed) 


POIMT NO. «006 







ItOX 

SPEED 

STATOR ? 



HUB 

inlet exit 

PITCH 

inlet EXIT 

IIP 

inlet exit 

VEIOCITY 

• 

# 

CM/SEC) 

IBS, 

321. 

173. 

289, 

159. 

265. 

rUW ANGLE 

• 

9 

(Degrees) 

A). 

66, 

82. 

63. 

43. 

61. 

STATIC PRESSURE 

• 

9 

(KN/Mn2) 

136.1 

92.1 

138.2 

103.1 

143.5 

Ill.l 

TOTAL TEMP. 

«k 

(DEG. KELVIN) 

368. 

368. 

368. 

368. 

368. 

368. 

STATIC TEMP. 

i 

(DEG. KELVIN) 

35t. 

317. 

352. 

327. 

356. 

333. 

MACH number 

I 


0.A9R 

0,901 

0.460 

0.798 

0.420 

0.724 

ROTOR 2 



HUB 

inlet exit 

PITCH 

inlet exit 

TIP 

INLET EXIT 

RELATiVt VFL, 

m 

9 

(M/SEC) 

213. 

242. 

166. 

248. 

135. 

255. 

REL. FLOW angle 

<• 

9 

(Degrees) 

5?. 

S6. 

82. 

59. 

29. 

66. 

STATIC PRESSURE 

1 

(KN/Mn?) 

R2.I 

8S.9 

103.1 

86.9 

Ill.l 

87.1 

total temp. 

• 

9 

(DEG. KELVIN> 

368. 

326, 

368. 

324. 

368. 

322. 

STATIC TEMP. 

t 

(DEG. KELVIN) 

317, 

312. 

327. 

313. 

333. 

314. 

REL. MACH NO. 

9 


0,596 

0.683 

0.455 

0,700 

0.367 

0.7l8 

wheel velocity 

9 

(P/SEC) 

I2A. 

123. 

144. 

145. 

164. 

168. 


Table 13Ca) 


HLFT-IVA 3-Stase IiP Ibrbvie Flo* Diacri 


■f 


1101 Speed CCoBtianed) 


POiriT NO, 0046 

STATOR 3 

VELOriTT 
FLnw ANGLE 
STATIC pressure 
tot At TEWP, 
STATIC TFPP, 
MACH NUMRER 

ROTOR 3 

RELATIVE VEL. 
REL. FLOW angle 
STATIC PRESSURE 
TOTAL TEMP, 
STATIC TEMP. 
REL, MACH NO. 
wheel velocity 


tl«l SPEED 


t Cm/SEC) 

I fDEGREEsJ 
r (WN/Mn2) 

: COEG. KELVIN) 
J CDEC. KELVIN) 
t 


; (M/SEC) 

S CDeGREEs) 

: (KN/Moa) 

; COEGI KELVIN) 
f (DEG’. KELVIN) 
t 

: (M/SEC) 


HIIR 


inlet 

EKH 

150, 

228. 

32. 

58, 

66. 0 

70.6 

323. 

323. 

3S2. 

298, 

0.021 

0,659 

HUB 

inlet exit 

Ifll. 

157. 

33. 

Ot. 

70,6 

68.0 

323. 

303. 

298, 

296. 

0,007 

0.050 

1I*>. 

1 28 . 


PITCH 


inlet 

Exn 

138. 

199. 

29. 

56. 

86.9 

76.1 

323, 

323. 

313, 

300. 

0.387 

0.S68 

PITCH 

inlet exit 

110. 

170. 

9. 

06. 

76.1 

68.5 

323. 

30«. 

300. 

296. 

0.312 

0.090 

107, 

107, 


TIP 


IHLE7 

EXIT 

117. 

101. 

33. 

59, 

89.8 

79,6 

323. 

323, 

317. 

307, 

0,327 

8.513 

TIP 

IHiET EXIT 

92, 

181. 

•13. 

02. 


79.6 6«.6 

323. SOI. 

307. 296. 

<l,26| 0.520 

175, 


177 


Table 13(a) 


. BLFT>IVA 3>Staee LP Ibrbine Ploa OlacraM, 110ft ^awl (CoiitlMad). 


POINT NO. 3l»fl6 







lioz 

SPEED 

STATOR 1 



HUH 

PITCH 

TIP 




inlet 

EXIT 

fWLET 

EXIT 

INLET 

exit 

velocity 

t 

(M/SEC) 

?02, 

346. 

292. 

322. 

202. 

303. 

FLOW ALGLF 

f 

COFGRFEs) 

20. 

64. 

20. 

03. 

20. 

62. 

STATIC PRESSURE 

S 

CKN/Mn?) 

2SP.5 

ISR.O 

232.5 

171.6 

232.5 

161.9 

TOTAL temp. 

t 

CDEG. KELVIN) 


423. 

423. 

423. 

423. 

423. 

STATIC TFMP, 

1 

CDEG'. KELVIN) 

403. 

364. 

403. 

372. 

403. 

378. 

MACH number 

f 


0.501 

0.R04 

0.501 

0.835 

0.501 

0.778 

ROTOR 1 



HUH 

PITCH 

TIP 




inlet 

EXIT 

INLET 

EXIT 

INLET 

EXIT 

RELATIVE VEL. 

; 

(M/SECj 

P32. 

269. 

197. 

271. 

172. 

273. 

REL, FLOW ANGLE 

s 

(OFGREES) 

52. 

5®. 


61. 

41. 

64. 

STATIC PRESSURE 

9 

(KN/Mn?) 

I5R.0 

14S.2 

171.6 

ISO.O 

181,9 

150.8 

TOTAL TEMP, 

• 

0 

COEG. KELVIN) 

423. 

374. 

423. 

373. 

423. 

372. 

STATIC TEMP, 

t 

(OEG. KELVIN) 

364. 

359. 

372. 

359. 

378. 

361. 

REL. MACH NO. 

• 

0 


0,6oS 

0.710 

0.500 

0 . y ; 5 

0.439 

0.720 

WHEEL velocity 

• 

0 

IM/Sf C> 

125. 

125. 

137. 

159. 

150. 

154. 




PMMini'iujw. iigi.i « 





u 

o 


Table ir(a). HLFT-IVA 3-Stage 

LP Ti.rbine Flov Diagraas, 110% Speed (Continued). 


PrjTWT NO. 3046 






11 OX 

SPEED 

STflinR ? 


HUB 

PITCH 

TIP 



inlet 

EXIT 

INLET 

EXIT 

inlet 

exit 

VtLOClTY 

; (M/SEC) 

16B. 

285. 

155. 

256. 

142. 

235. 

FLOW ANGLE 

; (DEGREES) 

3P. 

65. 

39. 

63. 

40. 

61. 

static pressure 

5 (KN/’*^a?) 

IAB.6 

110.4 

150.0 

120.1 

154.6 

127.1 

total temp. 

? (DEG. KELVIN) 

373. 

373. 

373. 

373. 

373. 

373. 

STATIC TEMP. 

; (DEG. KELVIN) 

359, 

333. 

359. 

341, 

363. 

346. 

MACH number 

! 

o,aao 

.0,778 

0.407 

0.692 

0.370 

0.630 

ROTOR 2 


HUB 

PITCH 

TIP 



INLET 

EXIT 

inlet 

EXIT 

inlet 

exit 

relative vel. 

; (M/SEC) 

177. 

205. 

136. 

214. 

112. 

224. 

REL, FLOW angle 

; (DEGREES) 

•50. 

56, 

37. 

59. 

21. 

67. 

STATIC PRESSURE 

! (KN/MD?) 

1 10. a 

104,6 

120.1 

105.1 

127.1 

104,9 

TOTAL TEMP. 

; (DEG. KELVIN) 

373, 

337, 

373. 

336, 

373. 

335, 

STATIC temp. 

; (DEG'. KELVIN) 

333. 

329, 

341, 

529, 

346. 

330. 

REL. MACH NO. 

• 

# 

0,482 

0,564 

0.367 

0.589 

0.299 

0.614 

wheel VEinCITv 

; (M/SEC) 

I2«. 

123. 

144, 

145. 

164. 

168. 
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Table 13 Ca). 
POIMT M). ?0«6 

STATOR 5 

VELOCITY J 

FLOW ANGLE ! 

STATIC PRESSURE f 

TOTAL TEMP, f 

STATIC temp, ; 

MACH number f 

ROTOR 3 

RELATIVE VEL. 5 

PEL. flow angle ; 

STATIC PRESSURE ; 

TOTAL TEMP, f 

STATIC Temp, ; 

REL, MACH NO, f 

wheel velocity ; 


HLFT-IVA 3-Stage tP TUrbine Flow Diagrams, llOJt Speed CContiniied) . 

I I 02 SPEED 


(M/SEC) 
(DEGREES) 
(KN/MD2) 
(DEG. KELvIA^T 
(0E6, KELVIN) 


(M/SEC) 
(DEGREES) 
(KN/Mn2) 
COEG'. KELVI»«) 
(0EG‘. KELVIN) 

(M/SEC) 


HUB 


inlet 

EXIT 

IIP, 

192. 


58. 

lOA.R 

90,5 

336. 

336. 

329. 

318. 

0,320 

0,536 

HUB 

inlet exit 

lOB. 

129, 

25. 

01. 

90,5 

87,7 

336. 

321. 

31B. 

316. 

0,302 

0,363 

119. 

118. 


PITCH 


inlet 

EXIT 

til. 

167. 

20. 

56, 

105.1 

95.1 

336. 

336. 

329, 

322. 

0,305 

0,062 

PITCH 

inlet EXIT 

92. 

100, 

•6, 

97, 

95.1 

88,2 

336. 

323. 

322, 

317. 

0.253 

0,391 

107. 

107, 


TIP 


INLET 

EXIT 

92. 

153. 

20. 

59. 

107,1 

98.0 

336. 

336. 

332. 

320. 

0,250 

0,«23 

TIP 

INLET 

EXIT 

69. 

155. 

-31. 

63. 

98.0 

88.5 

336. 

322. 

320, 

318. 

0,200 

0.032 

175. 

177, 
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Table 13(a). HUT-IVA 3-Stage LP l^rbine Flow Oiagraas, 110% Speed (Contimied) . 

POIMT two. 20b6 110% SPEED 

STATOR I hub pitch TIP 




inlet 

EXIT 

inlet 

EXIT 

INLET 

exit 

VEIOCITY 

? (M/SFC) 

17b. 

275. 

l?6. 

256. 

176, 

291, 

FLOW A«^GLF 

; (DEGREES) 

20. 

60. 

20. 

63. 

20. 

62, 

STATIC PPESSURF 

; (KN/MD2) 

2a?.? 

196.8 

292,2 

206,1 

202,2 

213,5 

total temp. 

; (DFG. KELvI*^) 

^ 21 . 

023. 

923, 

923. 

923, 

923. 

STATIC TFMP, 

; (BEG. KELVIN) 

ao8. 

386. 

008, 

391. 

408, 

390, 

MACH number 


0,^36 

0,699 

0,036 

0,648 

0,436 

0,606 

ROTOR I 


HUB 

PITCH 

TIP 



inlet 

EXIT 

inlet 

EXIT 

inlet 

exit 

RELATIVE VEL, 

; (M/SEC) 

165. 

200. 

139, 

210, 

119, 

215, 

REL. FLOW ANGlF 

t (DEGREES) 

as. 

58, 

39, 

81, 

30, 

65. 

STATIC PRESSURE 

9 (Kw/Mn;>) 

196. B 

I86v5 

2)6,1 

187,0 

213,5 

187.0 

total TEMP. 

; (DEG; KELVIN) 

«25. 

388. 

023, 

388. 

923, 

387. 

STATIC TEMP, 

9 (DEG‘. KELVIN) 

386, 

381. 

591, 

381, 

390, 

382, 

REL. MACh no. 

• 

9 

o.ai8 

0.521 

0,309 

0,537 

0,298 

0,550 

WHFEl velocity 

9 (M/SEC) 

125. 

125. 

137, 

139. 

150. 

150, 
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Table 13(a). HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 110% Speed (ContiiKied) 


POINT NO. 2006 







IlOX 

SPEED 

STATOR 2 



HUB 

PITCH 

TIP 




INLET 

EXIT 

inlet 

EXIT 

inlet 

exit 

VFLOCITV 

• 

9 

(M/SEC) 

tl2. 

200, 

100. 

180. 

93. 

170. 

FLOW ANGLE 

• 

9 

(Degrees) 

25. 

66, 

25. 

63. 

25. 

61. 

STATIC PRESSURE 

t 

(KN/Mn2) 

187.3 

159.0 

187,0 

165,9 

189.6 

170.0 

total temp. 

9 

(DEG, KELVIN) 

387. 

387, 

387, 

387. 

387. 

387. 

STATIC temp. 

• 

9 

(DEG. KELVIN) 

381. 

367. 

381, 

371. 

383. 

373. 

MACH number 

• 

9 


0.285 

0.533 

0,266 

0,077 

0.237 

0.038 

ROTOR ? 



HUB 

PITCH 

TIP 




inlet 

EXIT 

inlet 

EXIT 

inlet 

exit 

RELATIVE VEL. 

• 

9 

(M/SEC) 

102. 

139. 

82. 

151. 

79. 

160. 

REL. FLOW angle 

9 

(DEGREES) 

38. 

56. 

12. 

59. 

-13. 

69. 

STATIC PRESSURE 

m 

9 

(Kn/Md2) 

159,0 

152,7 

165,9 

153.0 

170,0 

152.8 

TOTAL TEMP. 

m 

9 

(DEG. KELVIN) 

387. 

366. 

387, 

367, 

387. 

367, 

STATIC TEMP, 

• 

9 

(DEG. KELVIN) 

387, 

363. 

371. 

360. 

373. 

365. 

REL, MACH NO. 

• 


0,265 

0.3,63 

0,212 

0.395 

0.2C3 

0.029 

WHEEl VEinCITv 

• 

9 

(M/SEC) 

120. 

123. 

100, 

105. 

160. 

168, 



- 

"“-nr* ■ 
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Table 13(a). HLFT-IVA 3-Stage LP Turbine Floe Diagrans, 110% Speed (Ctmcluded). 


POINT NO, POOfe 






not 

SPEED 

STATflP 5 



HUB 

PITCH 

TIP 



inlet 

EXIT 

inlet 

EXIT 

inlet 

exit 

VELOCITY 

; (M/SFC) 


1?R. 

77, 

110. 

% 

60, 

106. 

FLOW ANGLF 

t (DEGREES) 

-7. 

60. 

-13. 

56. 

-16. 

59. 

STATIC PRESSURE 

; (KN/MC2) 

15A.5 

102.0 

153.0 

105.1 

153.6 

146.6 

TOTAL TEWP. 

; (OEG. KELVIN) 

167. 

367. 

367, 

367, 

367. 

367. 

static temp. 

; (DEG. KFLvIN) 

36A. 

159. 

360. 

161, 

366. 

362. 

MACH number 

• 

# 

0,195 

0,339 

0.200 

0.209 

0,155 

0.277 

ROTOR \ 


HUB 

PITCH 

TIP 



inlet 

EXIT 

inlet 

EXIT 

inlet 

exit 

RELATIVE VFL. 

; (M/sEC) 

65. 

R6. 

. 

CD 

68. 

lo'i. 

^3. 

REL, FLOW angle 

; (Degrees) 

-7. 

03. 

-01. 

07. 

-59, 

60, 

STATIC PRESSURE 

} (KN/Mn2) 

102,0 

136.2 

105.1 

100,3 

106.6 

142,0 

total temp. 

; lOEG. KELVIN) 

367. 

161, 

167. 

166, 

367. 

369, 

STATIC TFMP, 

; (OEG. KELVIN) 

35R. 

157, 

361, 

561. 

362. 

363. 

REL, MACH NO. 

• 

0.170 

0.252 

0,216 

0.230 

0,260 

0.201 

WHEEL velocity 

; (M/SEC) 

tiR, 

116. 

107, 

107. 

175. 

177. 




Table 13(b). HLFT-IVA 3-1 


POINT fvO. 520? 



STATOR 1 

VEtOCITY 

• 

9 

(M/SEC) 

FLOW ANGLE 

• 

9 

(Degrees) 

STATIC PRESSURE 

• 

9 

(KN/M02) 

TOTAL TEMP. 

m 

9 

(OEG. KELviW) 

STATIC TFMP. 

• 

9 

(DEG‘. KELVIN) 

MACH NUMBER 

• 

9 


ROTOR 1 

RELATIVE VEL. 

• 

9 

(M/SEC) 

REL, FLOW ANGlF 

m 

9 

(OFGREES) 

STATIC pressure 

; 

(KN/Mn2) 

TOTAL TEMP. 

• 

9 

(DEG. KELVIN) 

STATIC TEMP, 


(OEG’. KELVIN) 

REL. MACH NO. 

• 

9 


WHEEL VELOCITY 

« 

9 

(v/SEC) 


XJ> Turbine Flow Diagraas, 100% Si«ed 


100% SPEEO 


HUB PITCH IIP 


INLET 

EXIT 

inlet 

EXIT 

inlet 

exit 

208 . 

396. 

208. 

369, 

208. 

547. 

20 . 

63. 

• 

o 

CM 

63. 

20 . 

82 . 

229.7 

131.5 

229.7 

146.1 

229.7 

158,1 

023, 

423, 

423. 

423. 

423. 

423. 

402. 

346, 

402. 

356. 

402. 

364, 

0.519 

1.063 

0.519 

0.977 

0,510 

0,908 

HUB 

PITCH 

TIP 

INLET 

EXIT 

INLET 

EXIT 

INLET 

exit 

290. 

317. 

250, 

314. 

221. 

313. 

55. 

58. 

53. 

61. 

48. 

64, 

131.5 

123.5 

146.1 

127,2 

158.1 

129,1 

423. 

368. 

423, 

366. 

423, 

364, 

346. 

343. 

356, 

344, 

364, 

346, 

0.774 

0.857 

0.656 

0.848 

0.576 

0.04? 

113. 

114. 

125, 

127, 

137. 

140. 
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Table 13(b). HLFT-IVA 3-Stage LP Turbine Flow Diagraas, 100% Speed (Continued). 


POINT NO. 52a? 







lOOZ 

SPEED 

STATOR 2 



HUB 

PITCH 

TIP 




inlet 

EXIT 

inlet 

EXIT 

INLET 

EXIT 

velocity 

• 

9 

(M/SEC) 


367. 

203. 

530. 

187. 

302. 

FLOW ANGLE 

• 

9 

(Degrees) 

flS. 

63. 

97. 

63. 

98. 

61. 

STATIC PRESSURE 

• 

9 

(KN/Mn2) 

121.5 

79.5 

127.2 

86.6 

133.5 

95.8 

TOTAL TEMP, 

• 

# 

(DEG, KELvIN) 

166, 

166. 

366, 

366. 

366. 

366. 

STATIC temp. 

• 

# 

(DEG. KELVIN) 

lal. 

299. 

399. 

512. 

399. 

321. 

MACH number 

• 

t 


0,589 

1,058 

0,599 

0.932 

0,998 

0.891 

ROTOR ? 



HUB 

PITCH 

TIP 




inlet 

EXIT 

inlet 

EXIT 

INLET 

• 

EXIT 

relative VEL. 

• 

9 

(M/SEC) 

266, 

?90. 

212. 

289, 

175. 

291. 

PEL. FLOW angle 

• 

9 

(DEGREES) 

59, 

56. 

99. 

59. 

90. 

65. 

STATIC PRESSURE 

• 

9 

(KfJ/MB?) 

79,3 

68.9 

86,6 

71.3 

95.8 

72.2 

TOTAI TEMP. 

w 

i 

(DEG. KELVIN) 

366. 

117. 

366. 

315. 

366. 

312, 

STATIC Temp, 

• 

9 

(DEG’. KELVIN) 

299. 

296. 

312. 

298. 

321. 

299, 

RFL. MACH NO, 

9 

9 


0.765 

0.893 

0,595 

0,839 

0,985 

0,891 

k>heel velocity 

; 

(M/SEC) 

111. 

112. 

I3l. 

132. 

199, 

152. 
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Table 

POINT NO. S202 

STATOP 5 

vflocitv 
FLOW ANGLF 
STATIC PPESSURE 
TOTAt temp. 
STATIC TEMP. 

MACH NUMBEP 

• 

ROTOR 3 

REI ATIVE VEL. 
REL. FLOW angle 
STATIC PRESSURE 
TOTAL TEMP, 
STATI. TEMP, 
REL, MACH NO. 
WHEEL VELOCITY 


13(b). HLFT-IVA 3-Stage LP Turbine Flow Diagraie, 100% Speed (Omtiimed). 

1002 SPEED 

HUE5 PITCH TIP 



inlet 

EXIT 

inlet 

EXIT 

inlet 

EXIT 

(M/SEC) 

200. 

271. 

I8l, 

236, 

158, 

213, 

(DEGREES) 

«», 

57. 

39, 

56, 

00, 

59. 

(KN/Mn2) 

6«.a 

50.5 

7|,3 

61,0 

75.3 

65,2 

(DEG. KELVIN) 

315, 

315, 

315, 

315, 

315. 

515. 

(DEG*. KELVIN) 

295, 

278, 

298, 

287, 

302. 

292. 


0,579 

0,809 

0.522 

0.695 

0.053 

0.620 


HUB 

inlet exit 

PITCH 

inlet exit 

TIP 

inlet exit 

(M/SEC) 

188, 

191, 

102, 

203, 

107. 

211. 

(DEGREES) 

00, 

00, 

26, 

06, 

12. 

61. 

(KM/M02) 

50.5 

53.0 

61.0 

53,5 

65.2 

53,5 

(DEG. KELVIN) 

315, 

289. 

315, 

288, 

315. 

280, 

(DEG. KELVIN) 

278. 

278. 

287, 

277, 

292. 

2T7. 


0,562 

0,569 

0,016 

0,608 

0,512 

0,6?9 

(f /SEC) 

108. 

107, 

130, 

130, 

159, 

161. 


•X 


X 
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Table 13(b). HLPT-IVA 3-l 


POINT NO. aoa? 


STftTOP I 


VEI OCITY 

1 (M/SEC) 

FLOW ANGLE 

! (DEGREES) 

STATIC PRESSURE 

; (KN/MH2) 

TOTAL TEMP, 

; (DEG. KELVIN) 

STATTC TEwP, 

; (OEG’. KELVIN) 

MACH HUMReP 

• 

r 

ROTOR 1 


relative vel. 

; (M/SEC) 

REL, FLOW angle 

t (Degrees) 

static pressure 

: (KN/Mn?) 

total temp. 

; (OEG‘. KELVIN) 

STATIC Temp, 

? (OEG. KELVIN) 

pel. MACH no. 

• 




whffi velocity 


(»^/SEC) 


LP Turbine Flow Diagrams, 100% Speed (Contimied) 






!00% 

SPEED 

HUB 

PITCH 

TIP 

inlet 

EXIT 

inlet 

EXIT 

inlet 

exit 

?0P. 

3B7, 

298. 

361. 

208. 

339, 

2 0. 

63. 

20. 

63. 

20, 

62. 

22*). R 

136.3 

229.9 

150,5 

229,9 

162.4 

025. 

623. 

623. 

623. 

623. 

623. 

ao2. 

369. 

602. 

359, 

602. 

366, 

O.S|8 

1.036 

0.516 

0,952 

0.517 

0.885 

HUB 

Pitch 

TIP 

inlet 

EXIT 

inlet 

EXIT 

INLET 

exit 

28!. 

305. 

262. 

306. 

216. 

303, 

5*5. 

58. 

52. 

61. 

68. 

66, 

136.3 

129.5 

150.5 

132.8 

162.6 

136,6 

023. 

370. 

623. 

368, 

623. 

367, 

3A9. 

367. 

359. 

360, 

366, 

369, 

O.TflR 

0,820 

0.636 

0.816 

0,556 

0,810 

113. 

116. 

I2S. 

127. 

137. 

160, 


139 


Table 13(b). HLFT-IVA 3-Stage If Tbrbine Flo* Diagraas, lOOX Speed (Coatiiaied) 


POIWT NO, dOq? 






toox 

SPEED 

STATOR 2 


HUB 

PITCH 

TIP 



inlet 

EXIT 

inlet 

EXIT 

inlet 

exit 

VELOCITY 

; (M/SEC) 

200. 

350. 

|P3. 

301. 

178. 

275. 

FLOW ANGLE 

; (DEGREES) 

qq. 

60. 

06. 

63. 

07. 

81. 

STATIC PRESSURE 

; (KN/Mn2) 

12P.«5 

07.0 

132,0 

90.8 

138.9 

107.2 

TOTAL TEMP, 

; (DEG. KELvIR) 

360. 

368. 

360, 

368. 

368 . 

368. 

STATIC TEMP, 

; (DEG. KELvIN) 

307. 

313. 

300. 

323. 

353. 

331. 

MACH number 

• 

9 

0.557 

0.903 

0,510 

0.830 

0.071 

0.755 

ROTOR 2 


HUB 

PITCH 

TIP 



INLET 

FXIT 

inlet 

EXIT 

inlet 

EXIT 

RELATIVE VEL. 

t (M/SEC) 

230. 

209. 

185, 

252, 

152. 

257. 

PEL. FLOW angle 

; (DEGREES) 

50. 

56. 

07. 

59. 

36. 

66, 

STATIC PRESSURE 

; (KN/Mn2) 

07, q 

80.2 

90,8 

85.0 

107.2 

86.2 

TOTAL TEMP, 

i (UEG. KELVIN) 

368. 

326. 

360. 

320, 

360. 

322. 

STATIC TEMP, 

; (DEG. KELVIN) 

315. 

312. 

323. 

313. 

331. 

313, 

PEL, MACH NO, 

• 

jr 

0.6S8 

0.703 

0,510 

0.713 

0.M3 

0.720 

wheei velocity 

; (y/SEC) 

113. 

112. 

l3l. 

132. 

109. 

152. 



o 


Table 13(b) 


HLPT-IVA 3-Stage LP Turbine Flow Dlagraas, 100]( Speed (Ctmtimied) 


POTfJT NO. aoa? 






looz 

SPEEO 

ST6T0P 3 


HUB 

PITCH 

TIP 



INLET 

EXIT 

inlet 

exit 

inlet 

exit 

VEl OriTY 

; (M/SEC) 

16?, 

230, 

148. 

201. 

128. 

182, 

f^tnw AMGLF 

; (DEGREES) 

3«>. 

58. 

30. 

56. 

34. 

54. 

STATIC PPFSSURE 

t (KN/M02) 

84.0 

70.5 

85.8 

76.2 

84.0 

74,8 

TOTAl TEMP. 

; (DEG. KELVIN) 

324. 

324. 

320. 

324. 

324. 

324. 

STATIC TEMP, 

; (DEG'. KELVIN) 

311. 

248. 

313. 

304. 

316. 

308, 

MACH number 

• 

9 

0,456 

0.665 

0.417 

0.574 

0,357 

0.516 

ROTCR 3 


HUB 

PITCH 

IIP 



inlet 

EXIT 

inlet 

EXIT 

inlet 

EXIT 

RELATIVE VFL, 

; (M/SEC) 

109. 

157. 

114. 

170, 

40. 

174, 

rel, eloh angle 

: (DEGREES) 

36. 

41. 

16. 

46. 

•4, 

62. 

STATIC PRESSURE 

; (KN/Ma2) 

TO.5 

64.2 

76,2 

64.2 

74.8 

64,3 

TOTAl TEMP, 

; (DEG. KELVIN) 

324. 

304, 

324, 

300, 

324. 

301. 

STATIC TEMP, 

; (DEG. KELVIN) 

?98, 

247. 

304, 

247. 

308, 

247, 

REL, MACH NO. 

• 

9 

0.4?0 

0.452 

0.324 

0.441 

0,256 

0.518 

WHEEL velocity 

f (w/SEC) 

108, 

107. 

134. 

134. 

154. 

161. 
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Table 

Ptm4T NO, lOfl? 

STATnR I 

VELOCITY 
FLOii ANGLE 
STATIC PRESSURE 

total temp. 

STATIC temp, 

MACH NUMBER 

ROTOR I 

RELATIVE VEL, 
REL. FLOW angle 
STATIC PRESSURE 
TOTAL temp, 
STATIC TEMP» 

REL. MACH NO. 
WHEEL velocity 


13(b). HLFT-IVA 3-Sta^ LP Turbine Flow Diasrawt, lOOJt Speed (Ooetinoed). 








lOOX 

SPEED 



HUB 

PITCH 

TIP 



INLET 

EXIT 

INLET 

EXIT 

inlet 

EXIT 

• 

9 

(M/SEC) 

206, 

365. 

206. 

341. 

206. 

320. 

! 

(DEGREES) 

to 

o 

• 

63. 


63. 

20, 

02, 

• 

(KM/Mn?) 

230,^ 


230.9 

161,5 

230,9 

172,6 

• 

(PEG. KELVIN) 

«23. 

023. 

423. 

423. 

423. 

423, 


(OEG. KELVIN) 

002, 

357. 

402. 

366, 

402. 

372. 

• 

# 


0,5|2 

0.066 

0.S12 

0.890 

0.511 

0,829 



HUB 

PITCH- 

UP 



inlet 

EXIT 

inlet 

EXIT 

inlet 

exit 


(M/SEC) 

261. 

281. 

224, 

282, 

197, 

282. 

s 

(DEGREES) 

55. 

58. 

51. 

61. 

46. 

64, 

e 

# 

(KN/Mn2) 

!4»,1 

i02.6 

161.5 

145.3 

172.6 

146.6 

• 

9 

(DEG. KELVIN) 

«23. 

370. 

423. 

373. 

423. 

572, 

1 

(OEG*. KELVIN) 

357. 

356. 

366. 

357. 

372. 

358. 

• 

V 


G.6B5 

0.706 

0,581 

0.7OS 

0,507 

0.745 

• 

9 

(M/SEC) 

1)3. 

114. 

125. 

127. 

137. 

140, 











142 



Table 13(b). HLFT-IVA 3-Stage LP Turbine Flow Diagraas, 100% Speed ((kmtlaued) . 


P*0TNT bO. 50a? 







toOS 

speed 

STATOR 2 



HUB 

inlet fkii 

PITCH 

INLET EXIT 

TIP 

INLET EXIT 

VEIOCITY 

• 

9 

(M/SEC) 

180, 

205. 

172, 

265. 

158. 

203. 

FLOW ANGLE 

• 

9 

(DEGREES) 


05, 

03. 

63. 

•5. 

61. 

STATIC PRESSURF 

• 

9 

CRN/Mn?) 

IA2.8 

106,6 

105.5 

116,6 

150,6 

120,0 

TOTAL TEMP, 

# 

9 

(DEG. KELVIN) 

373, 

373. 

373, 

373, 

373, 

373. 

STATIC TEMP, 

t 

(DEG. KELVIN) 

350, 

330, 

357, 

338, 

' 361. 

300, 

WACH NUMBER 

m 

9 


O.ARt 

0,810 

0.IIS5 

0,710 

0,016 

0,653 

ROTOR 2 



HUB 

inlet FKIT 

PITCH 

INLET EXIT 

TIP 

II^ET EXIT 

REIATIVE VEl, 

w 

9 

CM/SEC) 

105, 

211. 

153. 

218, 

120. 

225. 

REl . FLOW ANGlF 

• 

9 

(DEGREES) 

52, 

56, 

02. 

50, 

29. 

66. 

STATIC PRESSURE 

f 

(KN/MD2) 

106,0 

103.3 

116.6 

100,0 

120.0 

100,2 

total temp. 

m 

9 

(DEG, KELVIN) 

373. 

337. 

373. 

337. 

373. 

335. 

STATIC temp. 

s 

(DEG. KELVIN) 

330, 

328, 

338, 

329. 

300. 

329, 

REL, MACH NO, 

• 

f 


0.535 

0,5«l 

0.012 

0.601 

0.333 

0.619 

WHFEL velocity 

• 

9 

CM/SEC) 

l|3. 

112. 

13|. 

132, 

109. 

152, 



Table 13Cb), HLFT-IVA 3-Sta«e U» Turbine Fl«r Diacr* 


t 


100% Speed COoBtjUNMtd) 


POINT NO. 300? 







lOOX speed 

STATOR 5 



HU0 

PITCH 


UP 




inlet 

EXIT 

inlet 

EXIT 

IIIlET 

exit 

VEl OCITY 

t 

(M/SEC) 

IPS. 

195. 

119. 

169. 

too. 

158. 

FLOW ANGLE 

9 

CDEGREEs) 


5S. 

27. 

56. 

32. 

59. 

STATIC PRESSURE 

1 

CKN/Mb?) 

103.3 

90.? 

io«.o 

95.8 

186.6 

98.8 

TOTAL TEWP. 

• 

9 

fOEG. KELVIN) 

330. 

336. 

336. 

336. 

336. 

336. 

STATIC temp. 

• 

9 

COEG. KELVIN) 

3?8, 

317. 

329, 

322. 

331. 

328. 

NUMBER 

s 


0,35? 

0.5A4 

0.328 

0.870 

0.278 

8.827 

ROTOR 3 



HUB 

PITCH 

TIP 




INLET 

EXIT 

INLET 

EXIT 

IHLET 

exit 

RELATIVE VEL. 

3 

f M/SEC) 

116, 

130. 

93. 

182. 

82. 

151. 

PEL, FLOW angle 

3 

fPFGREEs) 

31. 

At. 

«• 

97. 

•21. 

83. 

STATIC PRESSURE 

m 

9 

CKN/MD?) 

90.? 

88.3 

9S.0 

88.5 

98.0 

88.6 

TOTAL TEMP. 

m 

9 

CREGl KELvIN) 

33t». 

3?t. 

336. 

322. 

336. 

328. 

STATIC TFVP, 

« 

9 

<OEG. KELVIN) 

317. 

316. 

32?. 

317. 

328. 

317. 

REL. MACH HO. 

• 

9 


0.3?3 

0,364 

0.?56 

0.396 

0.225 

0,823 

WHEEL velocity 

• 

9 

LmSEC) 

loe. 

107, 

138. 

138. 

159. 

161. 


144 




% 
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Table 13(b). BLFT-IVA 3-Stage LP Turbine Flow Diagraas, 100% Speed 
POTMT ^iG, 20fl? 


STAinP 1 

Vei OCITY 
FLGW ANGl F 
STATIC PRESSUPF 
TOTAL temp, 
STATIC TFMP, 
MACH number 

ROTOR I 

RELATIVE VEL. 
REL. FLOW ANGLF 
STATIC PRESSURE 
TOTAL TEMP. 
STATIC TEMP, 

PBl ^ MACH NO, 
WHEEL VEIOCITV 


» (M/SECi 
; (DEGREES) 

; (KN/Mn?i 
; (DEG. KELVIN) 
9 (0E6. KELVIN) 


! (M/SEC) 

9 (DEGREES) 

* (KN/M02) 

; (DEG. KELVIN) 
9 (OEG'. KELVIN) 

9 (M/SEC) 


HUP 


INLET 

EXIT 

tpb. 

?9S. 

2 0. 

64. 

?38.8 

186.1 

«?3. 

423. 

406, 

380. 

0,460 

0.756 

HUB 

INLET EXIT 

1^3. 

?I8. 

52. 

58. 

186,1 

179.5 

523. 

587. 

380, 

377. 

0.492 

0.562 

113. 

114, 


PITCH 


inlet 

EXIT 

186. 

275. 

20. 

63. 

238,8 

196.3 

423. 

023, 

406. 

386. 

9,460 

0.700 

PITCH 

inlet exit 

164, 

222, 

46. 

61. 

196.5 

180.5 

423. 

386. 

386. 

378, 

.0.414 

0,572 

125, 

127. 


(Continued). 


100% 

SPEER 

TIP 

INLET exit 

1 66. 

259, 

20, 

62. 

238.8 

204,5 

423. 

423, 

406. 

390. 

0.459 

0,654 

TIP 

INLET EXIT 

141. 

226, 

39. 

65. 

204.5 

180.8 

423. 

385, 

390. 

378, 

0.356 

0,580 

137, 

140, 





Table 13(b). HLFT-IVA 3-Stage I.P Turbine Flow Diagraas, 100% Speed (Cootinued) . 


POTMT KO. 






looz 

SPEED 

STATOR ? 


HUB 

PITCH 

TIP 



inlet 

FXIT 

INL|T 

EXIF 

INLET 

exit 

VELOCITY 

; CM/SEC) 

l?9. 

218, 

120. 

196. 

109. 

180. 

FLOW ANGLF 

! (DEGREES) 

3«. 

66. 

30. 

63. 

35. 

61. 

STATIC PRFSSUPE 

; (Kn/mo2) 

180.0 

152.0 

180.5 

159,6 

183.9 

160.6 

TOTAL TEWP. 

t (DEG. KELVII^) 

366, 

386. 

386. 

386. 

386. 

386. 

STATIC TFMP, 

f (DEG. KELVIN) 

378. 

363. 

378. 

367. 

380. 

370,, 

MACH NUMBER 

• 

9 

0,331 

0.570 

0.308 

0.510 

0.278 

0.067 

ROTOR 2 

■ 

HUB 

PITCH 

TIP 



inlet 

EXIT 

inlet 

EXIT 

INLET 

EXIT 

RELATIVE VEL, 

: (M/SEC) 

I2t. 

148. 

90. 

159. 

81. 

169. 

LEL. FLOW angle 

; (DEGREES) 

05. 

56. 

27. 

59. 

5. 

68. 

STATIC PRESSURE * 

; (KN/Mn2) 

IS2.Q 

107,0 

159.6 

107.5 

160.6 

107,3 

TOTAL TEMP. 

; (DEG. KELVIN) 

386, 

363. 

386. 

360. 

386. 

363. 

STATIC temp. 

J (Deg; KELvIN) 

365. 

359. 

367. 

361. 

370. 

361. 

PEL. MACH NO, 

« 

9 

0.3i7 

0.389 

0.200 

0.018 

0.209 

o,oa5 

WHEEL VELOCITY 

: (m/seC) 

113. 

112. 

l3l. 

132. 

109. 

152, 
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Table 13(b). HLFT-IVA 3-Stage LP Turbine Flo* Diagraas, 100% Speed (Concluded). 


POINT NO. ?0«? 







looz 

SPEED 

STATOR 3 



HUB 

PITCH 

TIP 




inlet 

FXIT 

INLET 

EXIT 

inlet 

EXIT 

VEl OCITY 

• 

(M/SEC) 

7R. 

136. 

78. 

*18, 

61. 

lit. 

FLOVy ANGLE 

• 

9 

(DEGREES) 

P. 

59. 

3. 

56. 

0. 

59. 

static pressure 

• 

9 

(KN/MU2) 

los.a 

136,8 

107.5 

139,9 

108,6 

101.7 

TOTAL TEMP. 

• 

9 

(DEG. KELVIN) 

363. 

363. 

363. 

363. 

363. 

363. 

static TFMP. 

• 

9 

(DEG. KELVIN) 

361. 

350, 

361. 

357. 

362. 

357. 

MACH number 

• 

9 


0.207 

0,360 

0.205 

0.309 

0.158 

0.290 

ROTOR 3 



HUB 

PITCH 

TIP 




inlet 

EXIT 

inlet 

EXIT 

INLET 

EXIT 

RELATIVE VEL. 

• 

9 

(M/SEC) 

69. 

93. 

75. 

90, 

86, 

103. 

REL. flow APJGlF 

• 

9 

(DEGREES) 

6. 

01. 

-30. 

07. 

-50. 

62. 

STATIC PRESSURF 

; 

(KN/MB2) 

136.8 

133.6 

130,9 

130.9 

10*. 7 

135.9 

TOTAL TEMP. 

• 

9 

(DEG. KELVIN) 

363. 

356. 

363. 

361. 

363. 

361. 

STATIC TEMP. 

• 

9 

(DEG'. KELVIN) 

350. 

353. 

357, 

356, 

357. 

357. 

REL, MACH NO. 

9 

9 


0.181 

0,207 

0,196 

0.20B 

0,226 

0,270 

WHEEL VELOCITv 

• 

(v/SEC) 

!0fi. 

107, 

130. 

130. 

159. 

161. 
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Table 13(c). HLFT-IVA 3-Stage LP Turbine Flow Di^raas, 90% Speed. 


POT '‘IT m, 5?37 






90% 

SPEED 

STATOR 1 


HUB 

PITCH 

TIP 



INLET 

FXIT 

inlet 

EXIT 

inlet 

exit 

VELOCITY 

; (M/SEC) 

?0R. 

421, 

209, 

393. 

209. 

369. 

FLOW ANGI E 

; (DEGREES) 

20. 

62. 

20. 

62, 

2 0, 

62, 

STATIC PRESSURE 

J (KN/MD?) 

229, b 

118,0 

229,6 

133.1 

229,6 

145,9 

TOTAL TEMP, 

9 (DEG. KELvIN) 

«23, 

423. 

423. 

423. 

423. 

423. 

STATIC temp. 

9 (OEG'. KELvIN) 

402. 

336. 

402. 

347. 

402. 

356. 

MACH number 

• 

9 

0.520 

1,147 

0,520 

1.053 

0.519 

0.977 

rotor I 


HUB 

PITCH 

TIP 



INLET 

EXIT 

INLET 

EXIT 

INLET 

exit 

RELATIVE VEL. 

9 (M/SEC) 

324. 

329. 

282. 

324. 

253. 

321. 

REL, FLOW ANGLE 

; (DEGREES) 

56. 

58. 

55. 

61. 

52. 

64, 

STATIC PRESSURE 

; (KN/MU2) 

118.0 

118,0 

133.1 

122.6 

145.9 

125,2 

total temp. 

; (DEG’. KELVIN) ' 

423. 

369, 

423. 

367, 

023. 

366, 

STATIC TEMP, 

; (OEG. KELVIN) 

336, 

339, 

347. 

342. 

356. 

343, 

REl , MACH NO. 

• 

9 

0.87B 

0.895 

0.749 

0.878 

0.664 

0,867 

WHEEL velocity 

9 (M/SEC) 

102. 

103. 

113. 

114. 

123. 

126, 



148 




Table 13(c). HLFT-IVA 3-Stage LP Turbine Flow Diagraas, 90% Speed (Continued). 


POTMT mo. 

STATOR ^ 

Wfcl nciTY 
FLOW ANGLE 
STATIC PRESSURF 

total temp. 

STATIC temp, 
MACH number 

ROTOR 2 

relative vel. 
REL, FLOW ANGlF 
STATIC PRESSURE 
TOTAL TEMP, 
STATIC TFMP. 
REL. MACH NO. 
WHEEL velocity 


(M/SFCi 
(DEGREES) 
(KN/Mn2) 
(DEG. KELVIN) 
(DEG. KELVIN) 


(M/SEC) 
(DEGREES) 
(KN/Mn2) 
(DEG. KELVIN) 
(DEG. KELVIN) 

(M/SEC) 


HUB 


INLET 

FXIT 

2^9. 

3«0. 

R«. 

63. 

1 le.o 

70,9 

367. 

367. 

33R. 

296. 

o.bas 

1.102 

HUB 

inlet exit 

2e«. 

301. 

56. 

56. 

70, a 

67.3 

367. 

319. 

296. 

294. 

0.«33 

0,678 

102. 

lOl. 


PITCH 


inlet 

EXIT 

221. 

342. 

50. 

62. 

122.6 

63.0 

367. 

367, 

342. 

309, 

0.59S 

0,969 

PITCH 

inlet EXIT 

233. 

*'97. 

52. 

59. 

«3.0 

70,5 

367. 

318, 

309. 

297. 

0.656 

0,863 

116. 

119. 


ROX SPEED 
UP 


inlet 

exit 

204. 

312. 

52. 

61. 

129,8 

92.6 

367. 

367. 

347. 

319. 

0.547 

0.871 

TIP 

INLET 

exit 

194. 

295. 

44, 

65. 

92.6 

71,8 

367. 

316. 

319. 

299, 

0.539 

0.855 

134. 

137. 
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Table 

POINT Mf). S237 

STATOR 3 

VEIOCITY 
FLOh ANGIE 
STATIC PRESSURE 
TOTAL TEMP, 
STATIC TFMP, 
MACH number 

ROTOR 3 

RELATIVE VEL. 
REL. FLOW angle 
STATIC PRESSURF 
TOTAL TEMP, 

static temp, 
rel. mach no. 

WHEEL velocity 


13(c). HLFT-IVA 3-Stage LP Turbine Flow Diagrans, 90% Speed (Cmitinued) . 

90% speed 


HUB 



inlet 

EXIT 

(M/SEC) 

217. 

270. 

(OfGREEs) 

a3. 

56. 

(KM/Mn2) 

66,9 

55.5 

(DEG. KELvIM) 

318, 

318. 

(DEG. KELvIM) 

290, 

280. 


0.633 

0,816 


HUB 


inlet 

EXIT 

(M/SEC) 

190, 

193. 

(DFGREFs) 

42. 

ao. 

(KN/MU2) 

ss.s 

55.1 

(DEG. KELvIM) 

318. 

290. 

(DEG. KELvIN) 

280, 

282. 


0.592 

0,57<l 


) (M/SEC) 97, 97. 


PITCH TIP 


inlet 

EXIT 

INLET 

exit 

146. 

239. 

173. 

213. 

43. 

56, 

48. 

59. 

70.5 

62.0 

75.0 

66,2 

318. 

318, 

318. 

318. 

297. 

289, 

301. 

295, 

0.569 

0.701 

0.496 

0,620 

PITCH 

UP 

inlet 

EXIT 

INLET 

EXIT 

ISO. 

204. 

113. 

208. 

30. 

46. 

19. 

60. 

82.0 

55.2 

66.2 

55.3 

318. 

242. 

318 « 

288. 

289. 

281, 

295. 

281, 

0.490 

0,604 

0.328 

0.619 

120. 

121. 

143. 

145, 
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Table 13(c). HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 90% Speed (Contimied) . 


POINT NO, 4037 






90Z 

SPEED 

STATOR 1 


HUB 

PITCH 

TIP 



inlet 

Exn 

INLET 

EXIT 

INLET 

exit 

VEI OCITY 

; (M/SEC) 

?0R. 

*117. 

209. 

390. 

209. 

366. 

FLOW ANGLE 

i (Degrees) 

20. 

62, 

2 0. 

62. 

20. 

62. 

STATIC PRESSURE 

; (KN/Mn2) 


HR. 6 

P2R.6 

134.8 

229.6 

147,5 

TOTAL TEMP. 

; (DEG. KELvTN) 

«23. 

R23. 

023. 

425. 

423. 

423. 

STATIC temp. 

; (DEG. KELVIN) 

ao2. 

337. 

002. 

548. 

402. 

357. 

MACH number 

• 

9 

0.520 

1.136 

0.520 

1.043 

0.519 

0.968 

ROTOR 1 


HUB 

PITCH 

TIP 



inlet 

EXIT 

inlet 

EXIT 

inlet 

exit 

RELATIVE VEL. 

; (M/SEC) 

321. 

320, 

279. 

320. 

250. 

317. 

RFL. FLOW angle 

; (DEGREES) 

56. 

58. 

55. 

61. 

51. 

64. 

STATIC PRESSURE 

; (KN/Mn2) 

HR. 6 

120,0 

134,0 

124.9 

147.5 

127,5 

TOTAL TEMP. 

; (DEG. KELVIN) 

R23. 

370. 

423, 

368, 

423, 

366. 

STATIC TEMP. 

; (DEG. KELvIN) 

337. 

301. 

3R8, 

344. 

357. 

345. 

REl , MACH NO. 

• 

# 

0.867 

0.879 

0,740 

0.864 

0.656 

0.853 

WHEEI velocity 

; (M/SEC) 

t02. 

103. 

113. 

114. 

125. 

126. 


1ST 




Table 

POINT NO. «037 

STATOR 2 

VELOCITY 
FLOW ANGLF 
STATIC PRESSURE 
TOTAL temp, 
STATIC temp, 

MACH number 

ROTOR 2 

RELATIVE VEL. 
REL, FLOW ANGLE 
STATIC PRESSURE 
TOTAL TEMP. 

static temp. 

REL, MACH NO. 
WHEEL velocity 


13(c). BLFT-IVA 3>Stage tP Turbine Flow Oiagraas, 90% Speed (Cootiinied) . 




HUB 

PITCH 

90% SPEED 
TIP 


INLET 

EXIT 

inlet 

EXIT 

inlet 

exit 

(M/SEC) 

23«, 

356. 

217. 

320. 

200. 

292, 

(DEGREES) 

as. 

63. 

90, 

63. 

51. 

61. 

(KN/Mn2) 

120. fl 

79.0 

i2a.9 

VI. 0 

132.0 

100.0 

(DEG. KELVIN) 

368. 

368. 

368. 

368. 

368 . 

368. 

(DEG'. KELVIN) 

301. 

306. 

390, 

317. 

308. 

326. 


0.831 

1.017 

0.582 

0.896 

0.535 

0.807 


1 

inlet 

HUB 

EXIT 

PITCH 

inlet exit 

TIP 

INLET EXIT 

(M/SEC) 

260. 

261. 

213. 

262.- 

176. 

263. 

(Degrees) 

56. 

56. 

51. 

59. 

02. 

65. 

(Kn/muH) 

79.0 

79,8 

91.0 

82.0 

100.0 

82.9 

(DEG. KELVIN) 

368. 

326. 

368. 

320. 

368. 

322. 

(DEG. KELvIN) 

306. 

308. 

317, 

310. 

326. 

311. 


0.7S3 

0,703 

0.592 

0.700 

0.080 

0.705 

(M/SEC) 

102. 

101, 

118. 

119. 

.130. 

137. 



152 


4 . 
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Table 13(c). HLFT-IVA 3>Stage LP TUrbine Flow Diagraas, 90% Speed (Cootiuued) . 


POIHT WO. b0?7 







90Z 

SPEED 

STflTOP 3 



HUB 

PITCH 

UP 




iraLET 

EXIT 

inlet 

EXIT 

inlet 

exit 

VELOCITY 

• 

(M/SEC) 

180. 

237. 

16A. 

207, 

144. 

186. 

FLOh ANGLE 

• 

9 

(PEGREFS) 


57. 

90. 

56. 

45. 

59. 

STATIC PRESSURE 

• 

9 

(Kiu/K*a2) 

7R.3 

66.0 

82.0 

73,8 

85.6 

77.5 

TOTAL TERR. 

• 

9 

(DEG'. KELVIN) 

320. 

320. 

32A, 

324. 

324. 

324, 

STATIC TERR. 

• 

9 

(DEG. KELVIN) 

308. 

296. 

310. 

303. 

314. 

307. 

MACH number 

• 

9 


0.512 

0.667 

0.465 

0.592 

0,404 

0.529 

ROTOR 3 



HUB 

PITCH 

TIP 




inlet 

EXIT 

inlet 

EXIT 

INLET 

exit 

relative vel. 

• 

9 

(M/SEC) 

162. 

160. 

123, 

174. 

93. 

180. 

REL, FLOW angle 

• 

9 

(DEGREES) 

AO. 

A). 

2A. 

46. 

9. 

62. 

static pressure 

• 

9 

(KN/Mn2) 

68.0 

67.6 

73.8 

67.6 

77.5 

67.6 

TOTAL TEMP. 

• 

9 

(DEG. KELvIN) 

320, 

30A, 

320. 

304. 

324. 

301. 

STATIC Temp. 

; 

(DEG. KELVIN) 


297. 

303. 

296. 

307. 

296. 

REL, MACH NO. 

; 


0.070 

0.A63 

0.351 

0.502 

0,265 

0,522 

WHEEL velocity 

• 

9 

(M/SEC) 


97. 

120. 

121. 

143. 

145, 


153 


Table 13(c). HLFT-IVA 3-Stage LP Tbrbine Flow Diagras, 90% Speed (Continned). 

PHINT ^0. 1037 90 % SPCEO 


STaiOR 1 



HUB 

PITCH 

TIP 




inlet 

EXIT 

inlet 

EXIT 

INLET 

EXIT 

VELOCITY 

• 

9 

(M/SEC) 

20fl. 

303. 

200, 

357. 

208. 

336, 

FLOW ANGLE 

• 

9 

(C-GREES) 

20. 

63. 

2®. 

63. 

2®. 

62. 

STATIC PRESSURF 

• 

9 

(KN/M02) 

230.0 

130.4 

230.0 

152,5 

230,0 

164,1 

TOTAL TE«P. 

• 

9 

(0EG‘. KELvlN) 

023. 

423. 

023. 

423, 

423. 

423. 

STATIC TEPP. 

m 

9 

(DEG. KELviW) 

«02. 

351. 

402, 

3b0. 

402, 

367, 

MACH number 

m 

9 


0,517 

1.022 

0.517 

0.941 

0,517 

C.075 

ROTOR t 



HUB 

PITCH 


TIP 




inlet 

EXIT 

inlet 

EXIT 

inlet 

exit 

RELATIVE VEL. 

• 

9 

(M/SEC) 

207. 

289. 

249, 

287, 

221 • 

285. 

REL, FLOW angle 

1 

(DEGREES) 

56. 

58. 

54. 

61, 

50. 

64. 

STATIC PRESSURF 

• 

9 

(KN/MH2) 

130, a 

140.0 

152,5 

143,4 

164,1 

145,3 

TOTAL TEMP, 

• 

9 

(DEG. KELvIPn 

«23, 

376. 

423. 

374, 

423. 

373. 

STATIC TFMP, 

• 

9 

(DEG. KELvIN) 

351. 

354. 

360. 

356, 

367. 

357. 

PEL, MACH NO, 

• 

9 


0,762 

0,766 

0.651 

0,761 

0.573 

0,756 

wheel velocity 

• 

9 

(M/StC) 

!02, 

103. 

113. 

114. 

123. 

126, 


154 
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Table 13(c). HLFT-IVA 3-Stage LP Turbine Flov Diagrams, 90% Speed (Coatimed). 


POTtlT HO. ^037 







90Z 

SPEED 

STATOR ? 



HUB 

PITCH 

TIP 




inlet 

EKII 

inlet 

EXIT 

inlet 

EXIT 

velocity 

• 

9 

(M/SEC) 

200, 

295. 

186. 

265. 

172. 

203, 

FLOW AMGLE 

• 

9 

(DEGREES) 


65. 

07. 

63. 

09, 

61. 

STATIC PRESSURE 

• 

9 

(KN/Mn2) 

13R.9 

107,7 

103.0 

118,0 

109,4 

125.3 

TOTAL TEMP. 

• 

9 

(DEG. KELVIN) 

370. 

370. 

370. 

370, 

370. 

370. 

STATIC TEMP. 

• 

9 

COEG’. KELVIN) 

350. 

331. 

356. 

339, 

359, 

305. 

MACH number 

t 


0.530 

0.810 

0.092 

0,719 

0,052 

0.652 

ROTOR 2 



HUB 

PITCH 

TIP 




inlet 

EKIT 

inlet 

EXIT 

inlet 

EXIT 

RELATIVE VEL. 

• 

9 

(M/SEC) 

205. 

208. 

162. 

213. 

132. 

218. 

rel, flow anglf 

• 

9 

(DEGREES) 

50. 

56. 

06. 

59. 

35. 

66. 

STATIC PRESSURF 

• 

9 

(KN/Mn?) 

107.7 

107.1 

118.0 

108.2 

125.3 

108.0 

TOTAL TEMP. 

e 

9 

(DEG. KELVIN) 

370, 

301. 

370, 

301. 

370, 

539, 

STATIC TEMP, 

« 

9 

(DEG. KELVIN) 

331. 

532. 

339, 

533. 

305. 

353. 

REL. MACH NO. 

« 

9 


0,560 

0,569 

0,037 

0.584 

0,553 

0.597 

WHEEl VELOCITY 

• 

• 

(M/SEC) 

102. 

101 . 

118. 

119, 

134. 

137. 
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Table 13(c) . HLFT-IVA 3-Stage LP Turbine Flow Diagrms, 90% Speed (Coatiaued) . 

POIMT NO. 1037 <»0X SPEFO 


STATOR 3 



HUH 

PITCH 


UP 




inlet 

EKTI 

inlet 

EXIT 

INLET 

EXIT 

VELOCITY 

• 

9 

(M/SEC) 

131. 

1B9. 

122. 

164. 

104. 

109. 

FLOW ANGLE 

• 

9 

(DEGREES) 

3a. 

SB. 

31. 

56. 

37. 

59. 

STATIC PRESSURE 

i 

(KN/Mn2) 

107.0 

95.6 

106.2 

100.1 

IIO.B 

103.2 

TOTAL TEMP. 

i 

(DEG. KELVIN) 

301. 

301. 

101. 

341. 

341. 

341, 

STATIC TEMP, 

3 

(OEG. KELVIN) 

512. 

321. 

133. 

327. 

335. 

329. 

MACH f4UMBER 

3 


0.359 

0,523 

0.332 

0.453 

0.201 

0,409 

ROTOR 3 



HUB 

PITCH 


TIP 




inlet 

EXIT 

INLET 

EXIT 

INLET 

exit 

RELATIVE VEL. 

3 

(M/SEC) 

116. 

125. 

91. 

136. 

76. 

146. 

REL. FLOW angle 

3 

(DEGREES) 

30. 

01. 

10. 

47. 

•13. 

63, 

STATIC PRESSURE 

3 

(KN/Mn2) 

95.6 

90.5 

100.3 

94.4 

103.2 

94,5 

TOTAL TEMP. 

m 

9 

(OEG. KELVIN) 

301. 

127, 

301. 

327. 

341. 

325, 

STATIC TFmP. 

• 

9 

(DEG*. KELvIN) 

323. 

322. 

327. 

322. 

329. 

323. 

REI , MACH NO. 

m 

9 


0.122 

0.306 

0.250 

0.378 

0.200 

0,403 

wheel velocity 

• 

9 

(M/SEC) 

97. 

97. 

120. 

121. 

143. 

145. 


156 


Table 13(c) . HLFT-IVA 3-Stage LP Turbine Flow Diagram, 90% Speed (Coatiooed) . 


POTMT NO. ?037 







90S 

SPEED 

stator I 



HUB 

PITCH 

IIP 




inlft 

EXIT 

inlet 

EXIT 

INLET 

EXIT 

vflocity 

• 

# 

(M/SEC) 

IBS. 


186. 

275, 

I86. 

259. 

FLOW ANf,LE 

• 

9 

(DEGREES) 

20. 

64. 

20. 

63. 

20. 

62. 

STATIC PRESSt'PF 

• 

9 

(KN/Mn?) 

258.B 

166.1 

2S6.6 

196.3 

238.6 

204.5 

TOTAL Ttvp. 

% 

(OFG. KELVIN) 


423. 

423. 

423. 

423. 

•23. 

STATIC TFRP, 

• 

9 

(OEG. KELVIN) 

a06. 

380. 

406. 

366. 

406. 

396, 

MACH NUMRFR 

• 

9 


0,460 

0.756 

0.460 

0.700 

0.459 

0.654 

ROTOR 1 



HOB 

PITCH 

TIP 




inlet 

EXIT 

INLET 

EXIT 

INLET 

EXIT 

RELATIVt VEL. 

• 

9 

(M/SFC) 

201, 

215. 

173. 

216. 

150. 

221. 

REL, FLOW ANGLF 

m 

9 

(DEGREES) 

S4. 

58. 

49. 

61. 

43. 

65. 

STATIC PRESSURF 

1 

(HN/Mn2) 

186,1 

183.3 

196.3 

164.6 

204.5 

185.2 

TOTAL TFMP. 

• 

# 

(OEG. KELVIN) 


380. 

423. 

366. 

423. 

388, 

STATIC TFMP, 

» 

t 

(OEG. KELVIN) 

580. 

579. 

366. 

380. 

390. 

381. 

REL. MACH 

• 

9 


O.StS 

0.552 

0.437 

0.560 

0.376 

0.565 

wheel velocity 

• 

9 

CkVSEC) 

10?, 

!03, 

113. 

114. 

123. 

126. 
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Table 13(c) . HLFT-IVA 3-Stage LP Turbine Flow Diagrau, 90% Speed (CODtiaued) . 

POfMT NO. ?037 W Sf»EEO 

STATON 2 HUB PITCH TIP 





inlet 

EXIT 

INLET 

EXIT 

inlet 

EXIT 

VELOCITY 

• 

9 

(M/SEC) 

IT5. 

211. 

12«. 

190. 

113. 

175. 

FLOW A.NGLE 

• 

9 

(DEGREES) 

37. 

66. 

38. 

63. 

00. 

61. 

STATIC PPFSSUPF 

• 

9 

(KN/Mn2) 

183.6 

I5P.I 

184.6 

166.0 

188.1 

170.8 

TOTAl TFMP, 

9 

(OEG’. KELvIM 

388. 

388. 

388. 

388. 

388. 

388. 

STATIC TFPP, 

9 

(DEG. KELVIN) 

380, 

367. 

380. 

371. 

382. 

373. 

MACH NUMBFP 

9 


0.3O0 

0,551 

0.317 

0.493 

0.288 

0.051 

POTOP 2 



HUB 

PITCH 

TIP 



- 

inlet 

EXIT 

inlet 

EXIT 

inlet 

exit 

RELATIVE VEL. 

• 

9 

(M/SEC) 

I2«. 

143. 

N6. 

153. 

80. 

161. 

PEL. flow angle 

• 

9 

(DEGREES) 

A8. 

56. 

32. 

59. 

12. 

68. 

static pressure 

9 

(KN/Pn?) 

I5P.1 

155.5 

166.0 

155.7 

170.8 

155.5 

total temp. 

• 

9 

(OEG. KELVIN) 

388. 

368. 

388. 

368. 

388. 

368. 

STATIC TFPP, 

• 

9 

(OEG. KELVIN) 

367. 

365. 

371, 

365. 

373. 

366. 

PEL. MACH NU 

• 

9 


0.3?1 

0.37? 

0.207 

0.398 

0.206 

0.021 

WHFEL VELfiCTTv 

• 

9 

(P/SEC) 

102. 

101 . 

118. 

118. 

134. 

137, 
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P'f . 




Table 13(c). HLFT-IVA 3-Stage Xl> Turbine Flow Diagraas, 90% Speed (Ccmcluded) . 


POINT NO. ?037 







90X 

SPEED 

STATOR 3 



HUB 

PITCH 

TIP 




inlet 

EXIT 

inlet 

EXIT 

INLET 

exit 

VELOCITY 


(M/SEC) 

78. 

129. 

76. 

112. 

59. 

105. 

FLOW ANGLt 

t 

(Degrees) 

13. 

59. 

9. 

56. 

12. 

59. 

STATIC PRESSURE 

• 

0 

(KN/Mn2i 

158.1 

145.9 

155.7 

148.8 

156.8 

150,6 

TOTAL TEMP. 

• 

• 

(DEG. KELVIN) 

36fi. 

36B. 

368. 

368. 

368. 

368. 

STATIC TEMP. 

• 

f 

(0E6. KELvIN) 

385. 

360. 

365. 

362. 

366. 

363. 

MACH number 

• 

0 


0,202 

0.340 

0.197 

0.293 

0.153 

0.274 

ROTOR 3 



HUB 

PITCH 

TIP 




inlet 

EXIT 

inlet 

EXIT 

inlet 

EXIT 

RELATIVE VFL, 

m 

0 

(M/SEC) 

87. 

. 

CO 

68. 

90. 

76 . 

99. 

REL, FLOW angle 

• 

0 

(DEGREES) 

13. 

41. 

-25. 

07. 

-47. 

w. 

STATIC PRESSURE 

• 

0 

(KN/MU?) 

105.9 

143.2 

148.8 

144.2 

150.6 

145,0 

total temp. 

> 

(DEG. KELVIN) 

368, 

382. 

368. 

364, 

368. 

364. 

STATIC TEMP, 

« 

0 

(DEG. KELvIN) 

380. 

358. 

362. 

361. 

363. 

361. 

REI . MACH NO. 

1 


0,170 

0.229 

0.177 

0.238 

0.197 

0.259 

WHEEL velocity 

• 

0 

(M/SEC) 

97. 

97. 

120. 

121, 

143. 

145. 


Table 13(d). HlfT-IVA 3-St«^ LP Turbine Flow Diagrams, 70% Speed. 

PfiTfJT K'O, a02q 7011 SPfEO 


STATOR 1 



HUB 

PITCH 


UP 




inlet 

EXIT 

inlet 

EXIT 

INLET 

exit 

VELOCITY 

• 

r 

(M/SFC) 

?0R. 

460. 

209. 

053, 

209. 

027, 

FLOW ANGLE 

t 

(DEGREES) 

20. 

59. 

20. 

61, 

20. 

01. 

STATIC PPESSURF 

s 

(KN/Mn?) 


35.0 

229.6 

101,0 

225,6 

110,8 

TOTAL TEMP. 

9 

f 

(OFG. KELvIN) 

R23- 

023. 

023, 

023. 

423. 

023. 

STATIC TFmP, 

• 

# 

(DEG. KELVIN) 

flo?. 

307. 

002, 

322. 

002, 

333, 

MACH number 

• 

9 


0.520 

1.378 

0,520 

1.261 

0.519 

1.167 

ROTOR 1 



HUB 

PITCH 

IIP 




inlet 

EXIT 

inlet 

EXIT 

INLET 

EXIT 

relative vfl. 

f 

(M/SEC) 

OOA. 

363. 

35). 

509, 

330. 

300, 

REL, FLOW ANGI E 

• 

9 

(Degrees) 

56. 

58. 

58. 

61, 

56. 

60. 

STATIC PRESSUPF 

i 

(KN/Mn2) 

85.0 

105.3 

101,0 

112.3 

tio.e 

1)6.0 

TOTAL TEMP. 

m 

9 

(DEG. KELVIN) 

023. 

370. 

023, 

372. 

023. 

370, 

STATIC temp. 

• 

9 

(DEG. KELVIN) 

307. 

331. 

322. 

336. 

331, 

333, 

REL, MACH NO. 

m 

9 


1,1 a? 

0.R98 

0.9BO 

0.955 

0.893 

0.925 

WHEEL velocity 

• 

9 

(M/SEC) 

7R. 

80, 

88. 

89. 

96. 

98. 



160 



Table 13(d). HLFT-IVA 3-Stage LP Turbine Flow Diagrams , 70% Speed (Ccmtinued). 


PHI NT NU. 002«> 






70% 

SPEED 

STATOH 2 



HUB 

PITCH 

IIP 



inlet 

EXIl 

inlet 

EXIT 

. INLET 

exit 

VELOCITY 

; (M/SEC) 

?8T. 

007. 

200. 

56S, 

245. 

332. 

FLOW ANGLE 

; (DEGREES) 


62. 

^0. 

62. 

57. 

«*1. 

STATIC PPFSSURF 

; (KN/Mn?) 

105.1 

63.1 

112.3 

76,2 

121.1 

86,0 

TOTAL TEMP, 

; (DEG'. RELvIM 

372. 

372. 

372. 

372. 

372. 

372. 

STATIC TEMP. 

; (DEG. KELVIM 

331. 

290, 

336. 

306, 

342, 

317. 

MACH number 

• 

r 

0,786 

1.192 

0.718 

1.042 

0,659 

0,930 

ROTOR ? 


HUB 

PITCH 

TIP 



inlet 

EXIT 

inlet 

EXIT 

INLET 

exit 

RELATIVE VFL. 

f (M/SEC) 

333. 

282. 

276, 

27S. 

235, 

270, 

REl • FLOH angle 

; (Degrees) 

58. 

57. 

56, 

59. 

51. 

65. 

STATIC PRESSURE 

; (KN/Mn2) 

63,1 

75.3 

76.2 

78,9 

86.4 

80,8 

TGT,'l TEMP, 

t (OEG. KELVIN) 

372. 

333. 

372. 

331, 

372, 

329. 

STATIC TEMP. 

; (OEG‘. KELVIN) 

290. 

306. 

396, 

311, 

317, 

313. 

REL, MACH NO, 

• 

9 

0,970 

0,801 

0.78? 

0,778 

0,650 

0,765 

WHEEL VELOCITY 

; (M/SEC) 

7R. 

79. 

92. 

93. 

104. 

107, 


161 


Table 13(d). HLFT-IVA 3-Stage LP Turbine Plow Diagraws, 70% Speed (Contiiuied) . 


PHTNT Nn, U0?q 







70X SPEED 

STATOR 3 




HUB 

PITCH 


TIP 




inlet 

EXIT 

inlet 

EXIT 

INLET 

exit 

VEI OCITY 

• 

9 

(M/SEC) 

21S. 

?a3. 

194. 

211. 

173. 

166. 

FLOW ANGLE 

9 

9 

(Degrees) 

«7. 

57. 

97. 

56. 

53. 

^9, 

STATIC PRESSURF 

• 

9 

(Kn/Mu2) 

7<l.6 

68.4 

78.9 

74.4 

83.5 

78,2 

TOTAL TEMP. 

• 

9 

(UEG. KELvIN) 

331. 

331. 

331, 

331. 

331. 

531. 

STATIC TEMP. 

• 

9 

(DFG. KFLvIN) 

308. 

304. 

311. 

309. 

316. 

313. 

MACH number 

m 

9 


0,611 

0.696 

0.548 

0.598 

0.483 

0.524 

ROTOR 3 



HUB 

PITCH 

TIP 




inlet 

EXIT 

inlet 

EXIT 

INLET 

exit 

REI ATIVE VFL. 

• 

9 

(M/SEC) 

182. 

160. 

130. 

173. 

104. 

173. 

REL. FLOW ANGLE 

• 

9 

(DEGREES) 

06. 

41. 

35. 

96. 

27. 

61. 

STATIC PRFSSIIPF 

• 

9 

(KN/Mn2) 

68. a 

69.7 

74.4 

69,9 

78.? 

70.0 

total temp. 

m 

9 

(DEG. KELVIN) 

331. 

314. 

331. 

312. 

331. 

309, 

STATIC TEMP. 

9 

9 

(DEG. KELVIN) 

3oa. 

306. 

309, 

304, 

313. 

305, 

REL. MACH NO. 



0.5?? 

0,456 

0,395 

0.495 

0.290 

0,493 

WHEEL velocity 

• 

9 

(M/SFC) 

76. 

75. 

94. 

94, 

112. 

113. 
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Table 13(d). HLFT-IVA 3-Stage LP Turbine Flow Diagraas, 70% Speed (Continued). 


POINT NO. ^029 







70% 

SPEED 

STATOR 1 



HUB 

PITCH 

TIP 




inlet 

EXIT 

inlet 

EXIT 

inlet 

exit 

VELOCITT 

• 

f 

(M/SEC) 

20R. 

967. 

209. 

436. 

209, 

910, 

FLOW ANGlF 

• 

9 

(DEGREES) 

20. 

60. 

20. 

61. 

20. 

62. 

STATIC PRESSURE 

t 

(KN/MQ?) 

22R.W 

99,1 

229,6 

109,7 

229.6 

123.5 

TOTAl TFMP. 

• 

9 

(OEG*. KELVIN) 


923. 

923. 

923. 

423. 

423. 

STATIC temp. 

• 

9 

(OFG. KELVIN) 

902, 

3)6. 

902. 

329. 

902. 

339, 

MACH number 

• 

9 

s 

0.520 

1,312 

0.520 

1.201 

0,519 

1.112 

ROTOR 1 



HUH 

PITCH 

TIP 




inlet 

EXIT 

inlet 

EXIT 

INLET 

EXIT 

RELATIVE vEL. 

• 

9 

(M/SFC) 

307. 

331. 

392. 

321. 

319, 

314, 

REl , FLOW angle 

• 

9 

(Degrees) 

57. 

58. 

5P. 

61. 

56. 

64. 

STATIC PRESSURE 

• 

9 

(KN/MU2) 

99.1 

119.9 

109,7 

125.3 

123.5 

128,9 

TOTAL TEMP. 

• 

9 

(OEG. KFLvIN) 

923. 

377. 

923. 

375, 

923. 

373. 

STATIC TFMP. 

• 

9 

(OFG'. KELVIN) 

316. 

393. 

529. 

396, 

339. 

348. 

REL. MACH NO. 

• 

0 


l.OBt 

0,096 

0.931 

0,865 

0,893 

0.844 

whfel velocity 

• 

9 

(M/SEC) 

79. 

00. 

88, 

09, 

96. 

• 

CD 
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Table 13(d). HLFT-IVA 3-Stage LP Turbine Flow Di^rans. 70% Speed (Continued). 

POTMT »w0. 30?d 70% SPfEO 


STATPR 2 



HUH 

PITCH 

TIP 




inlet 

EXIT 

inlet 

EXIT 

inlet 

exit 

VELOCITY 

• 

9 

(M/SEC) 

257. 

326. 

237. 

292. 

221. 

265. 

FLOW AWGLE 

• 

9 

(DECREES) 

52. 

60. 

55. 

63. 

56. 

61. 

STATIC PRFSSliRE 

• 

# 

(KN/Mn2) 

1 IR.I 

941,0 

125,3 

105,1 

133.3 

113.3 

TOTAL TEMP. 

• 

r 

(DEG. KELV-* ^ 

375. 

375. 

375. 

375, 

375. 

375, 

static tfmp. 

• 

9 

(DEG’. KELVIN) 

3d2. 

323. 

396. 

333, 

351. 

390, 

MACH NUMBER 

• 

9 


0.69U 

0.905 

0.637 

0,799 

0.587 

0.717 

ROTOR 2 



HUB 

PITCH 

TIP 




inlet 

FXIT 

INLET 

EXIT 

INLET 

EXIT 

RELATIVE VEL. 

9 

9 

(M/SFC) 

253. 

222. 

207. 

223, 

172. 

222. 

REL , FLOW angle 

• 

9 

(DEGREES) 

58. 

56. 

53. 

59, 

97. 

65. 

STATIC PRESSURE 

• 

r 

(KN/Mu2) 

9d.O 

101.0 

105.1 

103,2 

113.3 

109,2 

TOTAL TEMP. 

• 

9 

(DEG. KELVIN) 

375. 

3a«, 

375. 

343. 

375, 

392. 

STATIC TEMP, 

i 

(DEG. KELvIN) 

323. 

332. 

333, 

352. 

390. 

333. 

REL. MACH NO, 

• 

9 


0,7o2 

0,609 

0,565 

0,611 

0,962 

0.606 

whfel velocity 

t 

(M/SFC) 

7*». 

79. 

*»2. 

93. 

109. 

107, 
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:*:3k: 


Table 13(d). HLFT-IVA 3-Stage LP Ttirbine Flow Diagrans, 70% Speed (Ccmtinued) . 


POINT NO. 3020 






70* 

SPEED 

STftTQP 3 


HUB 

PITCH 

TIP 



INLET 

FXIT 

inlet 

EXIT 

INLET 

exit 

VEI OCITY 

; (M/SEC) 

1 SB. 

196. 

146. 

171. 

128, 

153. 

FLOW ANGlt 

; (Degrees) 

03. 

SP. 

02. 

56, 

07. 

59. 

STATIC PPFSSURF 

; (KN/Mn?) 

100.6 

93.1 

103,2 

9B.0 

106.0 

101,0 

TOTAi TfcMp, 

; (DEG. KELVIN) 

303. 

343. 

343. 

303. 

303, 

305, 

STATIC TFVP, 

; (DEG. KELVIN) 

331. 

320. 

332. 

329. 

336, 

332. 

MACH NUMBER 

• 

9 

0.033 

0.502 

0.399 

0.068 

0,307 

0,017 

ROTOR 3 


HUB 

PITCH 

TIP 



inlet 

EXIT 

inlet 

EXIT 

inlet 

EXIT 

RELATIVE VFL. 

i (M/StC) 

136. 

127. 

100. 

100, 

78. 

100, 

REL. FLOW angle 

; (Degrees) 

03. 

01. 

27. 

07. 

10. 

62. 

STATIC PRESSURE 

; (KN/Vn2) 

93.1 

93.5 

3 ) 

. 

e 

93.5 

101.0 

93.5 

TOTAL TEMP, 

; (DEG. KILvIN) 

303. 

351. 

343. 

330, 

303, 

328, 

STATIC TEMP. 

; (DFG. KELVIN) 

320. 

326. 

329. 

325, 

332, 

326. 

REl , MACH NO, 

• 

9 

0,376 

0.309 

0,200 

0,386 

0.212 

0,398 

WHFFL VELOCITY 

; (M/SEC) 

76. 

75. 

90. 

90. 

112, 

113, 


.ne: 
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Table 13(d) . HLFT-IVA 3-Stage LP Turbine Flow Dlagraas, 70% Speed (Continued) 


POINT NO. 20?9 






70Z 

SPEED 

STATOR 1 


HUB 

PITCH 

TIP 



inlet 

EXIT 

inlet 

EXIT 

inlet 

exit 

VFLOrlTV 

; (M/sEC) 

?0?. 

346 • 

202, 

322. 

202. 

303. 

FLOW ANGLF 

? (DEGREES) 

20. 

60. 

2®. 

63. 


62. 

STATIC PPESSURF 

; (Kw/Mn?) 

?32.5 

159,0 

232,5 

171.6 

232.5 

181.9 

TOTAL TEMP. 

S (DEG. KELvIN) 

d23. 

023, 

023, 

023, 

023, 

923. 

STATIC TEMP. 

; (DEG. KELVIN) 

A03, 

360, 

003. 

372, 

003. 

378. 

MACH number 

• 

* 

0.502 

0,904 

0,502 

0,835 

0.501 

0,778 

ROTOR 1 


HUB 

PITCH 

TIP 



inlet 

EXIT , 

INLET 

EXIT 

INLET 

EXIT 

RELATIVE vFL. 

; (M/SEC) 

260. 

246. 

236. 

205. 

211. 

203. 

PEL, flow angle 

; (DEGREES) 

50. 

50. 

56. 

61, 

53. 

60, 

STATIC PRESSURE 

; (Kn/Md?) 

150.0 

169.5 

171,6 

172,6 

181,9 

170.6 

TOTAL TEMP, 

; (DEG. KELVIN) 

023. 

389. 

023. 

388, 

023, 

388, 

STATIC TEMP, 

S (OEG. KELVIN) 

360, 

373. 

372, 

374. 

378. 

375. 

REL, MACm no. 

• 

9 

0,7o2 

0.635 

0.609 

0.633 

0,500 

0.627 

WHEEL VElPCTTy 

i (M/SEC) 

79. 

60. 

88 . 

89, 

96. 

98, 
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Table 13(d). HLFT-IVA 3-Stage LP Turbine Flow Diagraas, 70% Speed (Coatinued) . 


PC TNT NO. ?0?q 


70% SPEED 


STftTflR ? 

velocity 
FLOW ANGLE 
STATIC PRESSURE 
TOTAL TEMP, 
STATIC TEMP, 
MACH number 

ROTOR 2 

RELATIVE VEL. 
REL. FLOW ANGlF 
STATIC PRESSURE 

total temp. 

STATIC TEMP. 
REL. MACH no. 


HUB 



INLET 

EXIT 

(M/SEC) 

176. 

256. 

(DEGREES) 

A7. 

65. 

(KN/Mn2) 

I6<».2 

109.! 

(OFG. KELvIN) 

38B. 

3BB. 

(OEG. KELVIN) 

373. 

36). 


0.«55 

0,619 


HUS 

inlet exit 

(M/SEC) 

16«. 

158. 

(DEGREES) 

56. 

56. 


(KN/MD2) 

199,1 * 

150.6 

(OEG. KELvIN) 

388. 

368. 

(DEG. KELVIN) 

361, 

363. 


0.931 

0.919 

(M/SFC) 

79. 

79. 


PITCH UP 


INLET 

EXIT 

inlet 

exit 

165. 

212. 

159. 

193, 

99. 

63. 

5t. 

61. 

172,6 

157,3 

170,0 

163.0 

388, 

588*. 

388. 

388, 

379. 

367. 

377. 

371. 

0.926 

0,552 

0,399 

0.500 

PITCH 

TIP 

inlet 

EXIT 

INLET 

EXIT 

I3l. 

169. 

106. 

168, 

97. 

59. 

36. 

67. 

157.3 

151,3 

163.0 

151.6 

388, 

368. 

388. 

367. 

367, 

363. 

371. 

369, 

0,391 

0,929 

0.275 

0,938 

92. 

93. 

109, 

107. 


wheel velocity 
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Table 13(d). HLFT-IVA 3-Stage LP Turbine Flo* Diagrams, 70S Speed (Concluded). 


POINT MO. ? 0?9 







70S 

SPEED 

STATOR 3 




HUB 

PITCH 

TIP 




inlet 

FXII 

inlet 

EXIT 

inlet 

exit 

VELOCITY 

• 

9 

(M/SEC) 

99. 

laO. 

N3. 

l^2. 

78. 

tu. 

FLOW ANGLE 

• 

9 

(DEGREES) 

53. 

59. 

31. 

56. 

■37, 

59. 

STATIC PRESSURE 

1 

(KN/Pn?) 

150.5 

ia?.5 

151.3 

105.9 

1S3.3 

108,0 

TOTAL TEMP, 

• 

9 

(DEG. KELvIN) 

36«. 

368. 

368. 

368. 

368. 

368. 

STATIC temp. 

• 

9 

(DEG. KELVIN) 

363. 

358. 

363. 

361, 

365, 

362. 

MACH number 

• 

9 


0,259 

0.370 

0.203 

0.321 

0,204 

0,291 

ROTOR 3 



HUB 

PITCH 

IIP 




inlet 

EXIT 

inlet 

EXIT 

inlet 

exit 

RELATIVE VCL. 

• 

9 

(M/SFC) 

89. 

01. 

67. 

100. 

58. 

106. 

REL, FLOW AOGlF 

• 

9 

(DEGREES) 

35. 

01. 

6, 

07. 

-18, 

60, 

STATIC PRESSURE 

• 

9 

(KN/Pn?) 

102,5 

101,5 

105,9 

10!, 7 

108.0 

101,8 

TOTAL TEMP. 

9 

9 

(DEG‘. KELvIM 

368, 

361. 

368. 

361, 

368, 

359, 

static Temp, 

• 

9 

(DEG. KELVIN) 

358, 

358. 

361, 

358. 

362. 

358. 

RFl . MACH MO. 

• 

9 


0.221 

0,258 

0.176 

0.262 

O.lSl 

0,279 

WHFEl VFloCiTv 

• 

9 

(m/SFC) 

76. 

75. 

90. 

94, 

112. 

113, 


APPENDIX B - HIGH PRESSURE TURBINE AERO AND ACOUSTIC RESULTS 


Appendix B contains the blade-row attenuations for all the test con- 
ditions on the high pressure turbine with cold and hot inlet temperatures. 
Aerodynamic performance results from both runs are presented. The turbine 
flow diagrams Including interstage and introstage data are also presented. 
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Tabic 14. Blada-Row Attcnuacluni AdB» (NASA Cora 
High Prasaurc Turbine). 

a. 110% N/*^xO» TtO - 450 K, PtO ■ 389.5 kN/m^ 


Teat Point No. 3084 2484 2184* 1984 


i Fund. Freq.t Hs 

ASPL 

APHL 

ASPL 

APWL 

ASPL 

APWL 

ASPL 

APWL 

S 83 

18.0 

13.4 

24.0 

19.4 

30.2 

25.6 

18.0 

13.4 

? 125 

19.0 

14.4 

16.5 

11.9 

15.0 

10.4 

10.0 

5.4 

301 

14.0 

9.4 

li.O 

6,4 

10. 0 

5.4 

9.0 

4.4 

334 

mmm 

... 

... 

... 


mmmm 

23.0 

18.4 

401 

- — 


18.0 

13.4 

18.0 

13.4 

— - 

— 

i 526 

15.0 

10.4 

... 


.— 


— 

— 

! 752 

22.0 

17.4 

17.0 

12.4 

10.0 

5.4 

9.0 

4.4 

1 1008 

IX. 0 

6.4 

11.0 

6.4 

8.5 

3.9 

19.0 

14.4 

1175 

15.0 

10.4 

13.0 

6.4 

13.2 

8.6 

16.0 

11.4 

1 2nd Harmonic, He 









^ 167 

21.0 

16.4 

25.0 

20.4 

22.8 

18.2 

4.0 

0 

250 

12.0 

7.4 

9.0 

4.4 

8.0 

3.4 

5.0 

0.4 

602 

19.0 

14.4 

18.0 

13.4 

15.5 

10.9 

16.0 

11.4 

667 

— 

... 

... 

— 

— 

- — 

19.0 

14.4 

^ 803 

— 

... 

19.0 

14.4 

15.0 

10.4 

— 

— 

1052 

9.0 

4.4 

— 

— 

— 

— 


— 

1 1503 

7.0 

2.4 

-7.0 

0 

-3.5 

0 

-2.0 

0 

2015 

15.0 

10.4 

9.0 

4.4 

12.0 

7.4 

12.0 

7.4 

1 2350 

13.0 

6.4 

6.0 

1.4 

14.2 

9.6 

6.0 

1.4 

3rd Harmonic, He 









250 

11,0 

6.4 

13.0 

8.4 

15.8 

11.2 

1.0 

0 

375 

19.0 

14.4 

11.0 

6.4 

14.0 

9.4 

12.0 

7.4 

903 

2.0 

0 

2.0 

0 

- 4.5 

0 

4.0 

0 

1001 

— 

— 

— 

— - 

— 

— 

3.0 

0 

1204 

— 

— 

7.0 

2.4 

0 

0 

— 

— 

1578 

-6.0 

0 

— 

— 

— 

— 

— 

— 

2255 

8.0 

3.4 

2.0 

0 

6.5 

1.9 

10.0 

5.4 

3023 

21.0 

16.4 

4.0 

0 

14.5 

S .9 

25.0 

20.4 

; 3526 

6.0 

1.4 

0 

0 

16.5 

11.9 

15.0 

10.4 


200 

1200 “ 


1 ^Repeat points averaged 

f 
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Table 14. Blade-Row Attenuation, AdB, (NASA Core 
High Pressure Turbine) (Continued). 

b. 100% N/vf^O* %0 • ^50 K, Pto - 389.5 kN/ro^ 


Test Point No. 

3076 

2476* 

2176* 

1976 

Fund. Preq., Hs 

ASPL 

4PWL 

ASPL 

APWL 

ASPL 

APWL 

ASPL 

APWl. 

83 

25.0 

20.4 

25.0 

20.4 

27.9 

23.3 

17.0 

12.4 

125 

11.0 

6.4 

18.5 

13.9 

19.5 

14.9 

12.0 

7.4 

301 

14.0 

9.4 

11.5 

6.9 

10.4 

5.8 

9.0 

4.4 

375 

... 

- — 

— 

— 

— 

— 

14.0 

9.4 

401 

... 

— 

17.5 

12.9 

13.1 

8.5 

— 


477 

17.0 

12.4 

— 

- — 


— - 


- — 

752 

18.0 

13.4 

24.5 

19.9 

10.1 

5.5 

10.0 

5.4 

1008 

10.0 

5.4 

16.4 

11.9 

10.0 

5.4 

16.0 

11.4 

1175 

11.0 

6.4 

25.0 

20.4 

9.6 

5.0 

15.0 

10.4 

2nd Harmonic. Hz 

167 

17.0 

12.4 

10.5 

5.9 

17.5 

12.9 

10.0 

5.4 

250 

13.0 

8.4 

12.5 

7.9 

9.5 

4.9 

6.0 

1,4 

602 

17.0 

12.4 

13.0 

8.4 

13.6 

9.0 

17.0 

i?. 4 

750 


— 


— — 


— 

11.0 

6.4 

803 


— 

16.5 

1’ 

15.5 

10.9 

— 

».■ . 

955 

9.0 

4.4 


— 

— 

— 

— 


1503 

4.0 

0 

3.0 

0 

1.5 

0 

- 5.0 

0 

2015 

18.0 

13.4 

18.0 

13.4 

14.6 

10.0 

11. 0 

6.4 

2350 

12.0 

7.4 

17.5 

12.9 

5.8 

1.2 

8.0 

3.4 

3rd Harmonic. Hz 

250 

-3.0 

0 

3.5 

0 

7.1 

2.5 

4.0 

0 

375 

21.0 

16.4 

16.5 

11.9 

15.4 

10.8 

17.0 

12.4 

903 

-6.0 

0 

0.5 

0 

0.1 

0 

1.0 

0 

1126 

— 

— 

— 

— 

— 

— 

6.0 

1.4 

1204 

— 

— 

8.0 

3.4 

5.0 

0.4 

— 


1432 

5.0 

0.4 


— 

— 

— 

— 


2255 

9.0 

4.4 

14.5 

9.9 

12.6 

8,0 

9.0 

4.4 

3023 

28.0 

23.4 

17.0 

12.4 

6.8 

2.2 

1 6 . 0 

1 ! . 4 

3526 

9.0 

4.4 

17.5 

12.9 

5.8 

1.2 

19.0 

14,4 


200 

AdB ” 8* ^ ^*8 

^Repeat points averaged 


5.7 6.2 
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Table 14. Blade-Kaw Atteiuiatlon, AdB, (NASA Core 
High I*rc8»ur« Turbinn) (Continued). 


c • 

90% N//?x0i Txc 

1 ■ 450 

K. PtO 

- 389. 

5 kN/m^ 



Test Point No. 

2667 

2469 

2169* 

1969 

Fund. Freq. • Hz 

&SPL 

APUL 

ASPL 

APWL 

ASPL 

APWL 

ASPL 

APWI. 

83 

21.0 

16.4 

24.0 

19.4 

26.5 

21.9 

28.0 

23.4 

125 

19.0 

14.4 

23.0 

18.4 

23.5 

18.9 

13.0 

8.4 

301 

12.0 

7.4 

12.0 

7.4 

9.5 

4.9 

9.0 

4.4 

401 


— 

16.0 

11.4 

15.5 

10.9 

— 

— 

457 

15.0 

10.4 

— 


— 

— 

— 

— 

526 

— 

— 

— 

— 

— 


9.0 

4.4 

752 

27.0 

22.4 

33.0 

28.4 

14. 5 

9.9 

11.0 

6.4 

1008 

9.0 

4.4 

12.0 

7.4 

9.0 

4.4 

13.0 

8.4 

1175 

8.0 

3.4 

21.0 

16.4 

15.5 

10.9 

17.0 

12.4 

2nd Harmonic, Hz 

167 

17.0 

12.4 

13.0 

8.4 

18.5 

13.9 

20.0 

15.4 

250 

14.0 

9.4 

11.0 

6.4 

11.5 

6.9 

8.0 

3.4 

602 

19.0 

14.4 

16.0 

11.4 

16.5 

11.9 

16.0 

11.4 

803 

... 

— 

12.0 

7.4 

17.0 

12.4 

— 

— 

914 

17.0 

12.4 

— - 

- — 

— 

— 

— 

— 

1052 

— 

— 

— 

- — 

— 

— 

9.0 

4.4 

1503 

5.0 

0.4 

3.0 

0 

-3.5 

0 

-7.0 

0 

2015 

15.0 

10.4 

13.0 

8.4 

14.0 

9.4 

22.0 

17.4 

2350 

10.0 

5.4 

10.0 

5.4 

11.0 

6.4 

13.0 

8.4 

3rd Harmonic, Hz 

250 

8.0 

3.4 

7.0 

2.4 

11.5 

6.9 

10.0 

5.4 

375 

17.0 

12.4 

16.0 

11.4 

18.0 

13.4 

12.0 

7.4 

903 

3.0 

0 

1.0 

0 

-3.0 

0 

2.0 

0 

1204 

— - 

— 

3.0 

0 

1.5 

0 

- — 

— 

1371 

-10.0 

0 

- — 

- — 

— 

— 

- — 

— 

1578 

— 


— 

— 

— 

— 

5.0 

0.4 

2255 

16.0 

11.4 

15.0 

10.4 

10.5 

5.9 

13.0 

8.4 

3025 

14.0 

9.4 

16.0 

11.4 

7.0 

2.4 

18.0 

13.4 

3526 

11.0 

6.4 

22.0 

17.4 

8.8 

4.2 

18.0 

13.4 


200 
1200 “ 

*Repeat points averaged 
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Table 14. Blade-Row Attenuation, 4dB, (NASA Core f 

High Preaaure Turbine) (Concluded). ' 

d, 70% N/i/Txo» ^TO ■ PtO “ 389.5 kN/m^ * 

h 

Test Point No. 2653 2453 2153 1953 


Fund. Freq, , Hz 

4SPL 

APWL 

ASPL 

APWL 

ASPL 

APWL 

ASPL 

APWL 

83 

27.0 

22.4 

25.0 

20.4 

18.0 

13.4 

22.0 

17.4 

125 

21.0 

16.4 

27.0 

22.4 

— 

— 

15.0 

10.4 

301 

13.0 

8.4 

12.0 

7.4 

11.0 

6.4 

10.0 

5.4 

401 

— 

— 

16.0 

11.4 

16.0 

11.4 



477 

16.0 

11.4 

— 

— _ 




^ ^ 

526 

- — 

— 

-- 

— 



8.0 

3.4 

752 

23.0 

18.4 

26.0 

21.4 

20.0 

15.4 

18.0 

13.4 

1008 

11.0 

6. 4 

11.0 

6.4 

4.0 

0 

11,0 

6 . 4 

1175 

17.0 

12.4 

18.0 

13.4 

8.5 

3.9 

12.0 

7.4 

2nd Harmonic, Hz 









167 

25.0 

20.4 

25.0 

20.4 

17.5 

12.9 

13.0 

8.4 

250 

11.0 

6.4 

15.0 

10.4 



7.0 

2.4 

602 

15.0 

10.4 

18.0 

13.4 

16.0 

11,4 

13.0 

• / • M 

803 

— 

— 

12.0 

7.4 

12.0 

7.4 



955 

9.0 

4.4 

— — 




,1— — 

^ ^ ^ 

1052 

— 

— 

— 




7.0 

2.4 

1503 

-1.0 

0 

-2.0 

0 

-2.0 

0 

-3.0 

0 

2015 

17.0 

12.4 

20.0 

15.4 

13.5 

8.9 

27.0 

22.4 

2350 

11.0 

6.4 

11.0 

11.4 

2.5 

0 

15.0 

10 . 4 

3rd Harmonic, Hz 









250 

16.0 

11.4 

9.0 

4.4 

10.0 

5.4 

6.0 

1.4 

375 

16.0 

11.4 

16.0 

11.4 



11.0 

6.4 

903 

-< 4 , 0 

0 

0 

0 

-6.0 

0 

3.0 

0 

1204 

— 

- — 

9.0 

4. 4 

0 

0 


— —.r. 

1432 

8.0 

3.4 

— 






1578 

— 

— 

— 

— 


___ 

8.0 

3.4 

22 55 

8.0 

3.4 

11.0 

6.4 

5.0 

0.4 

15,0 

10.4 

3023 

10.0 

5.4 

10.0 

5.4 

7.0 

2.4 

19.0 

14.4 

3526 

15.0 

10.4 

17.0 

12.4 

10.0 

5.4 

13.0 

8.4 


200 


9.2 9.3 6.1 5.2 
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Table 15. Aerodynamic Performance Parameters, Cold High Pressure Turbine. 


• Pto = 389.5 kN/m2 (56.5 psia), = 450 K (810“ R. 


' 

! 

%N/»^ 


Ptq/Pt2 

P^o/^T2 

Measur. 

Plane 

W 2 Corr. 
(Ibm/sec) 

W 2 Corr. 
(kg/sec) 


Psh/«2 

(Btu/lbni) 

Psh/W2 

(kJ/kg) 

110 


2.235 

3.02 

34.59 

15.69 

6768.4 

34.04 

79.2 


2484 

2.055 


34.55 

15.67 

6764.7 

30.75 

71.5 


2184 

1.88 

2.14 

34.42 

15.61 

6770.2 

26.90 

62.6 


2184 

1.88 

2.14 

34.31 

15.56 

6771.8 

26.95 

62.7 


1984 

1.745 

1.90 

33.64 

15.26 J 

6775.0 

23.40 

54.6 

100 

3076 

2.20 

3.02 

34.73 

■1* M 

6156.8 

32.92 

76.6 


2476 

2.04 

2.50 

34.51 


6159.9 

30.05 

69.9 


2476 

2.04 

2,50 

34.62 


6159.7 

29.91 

69.6 


2176 

1.865 

2.14 

34.55 

15.67 

6161.7 

26.50 

61.6 


2176 

1.865 

2.14 

34.55 

15.67 

6161.7 

26.50 

61.6 


1976 

1.72 

1.90 

33.95 

15.40 

6156.0 

23.28 

54.1 

90 

2669 

2.06 

2.68 


15.78 

5538.6 

29.93 

69.6 


2469 

2.00 

2.50 

■HH 

15.82 

5547.9 

28.79 

67.0 


2169 

1.845 

2.15 


15.85 

5541.1 

25.66 

59.7 


2169 

1.84 

2.14 

34.70 

15.74 

5547.0 

25.76 

59.9 


1969 

1.705 

1.90 I 

34.10 

15.47 

5544.5 

22.83 

53.1 

70 

2653 

1.92 


35.11 

15.92 

4680.3 


64.2 


2453 

1.88 


35.13 

15.93 

4524.3 


61.2 


2153 

1.77 

2.14 

35.41 

16.06 

4316.5 


53.0 


1953 

1.67 

1.90 

34.69 

15.74 

■ 

4315.7 

20.87 

48.5 
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Table 16(a). NASA Core HP Turbine Flow Diagraas - Cold Test, 110% Speed. 


PUT NT NO. 







110% 

SPEED 

STATOR 1 



HUB 

PITCH 

TIP 




inlet 

EXIT 

INLET 

EXIT 

inlet 

exit 

VEl OCITY 

9 

(M/SEC) 


320. 

91. 

306. 

91. 

287. 

FLOW ANGIF 

« 

9 

(DEGREES) 

20. 

69. 


68. 

20. 

67. 

STATIC PRESSURE 

0 

9 

(KN/Mb?) 

377.3 

237. q 

377,3 

253.0 

377.3 

265,8 

TOTAL TEMP, 

0 

9 

(OEG. KELVIN) 

ao0. 

qqe. 

qoe. 

048. 

008. 

008. 

STATIC temp. 

i 

(0EG‘. KELVIN) 

«o«. 

396. 

qqq. 

003, 

000. 

008, 

MACH number 

0 

9 


0.21S 

0,825 

0.215 

0,762 

0,210 

0,7tl 

ROTOR 1 



HUB 

PITCH 

TIP 




inlet 

EXIT 

inlet 

EXIT 

inlet 

EXIT 

REl ATIVE VEL. 

0 

9 

(M/SFC) 

166. 

386. 

iqo. 

390, 

122, 

39q. 

REL. FLOW angle 

0 

9 

(Degrees) 

a«. 

IV 

. 

32. 

61. 

19. 

60. 

STATIC PRESSURE 

0 

9 

(KN/MB?) 

237. q 

127.1 

253,0 

129.3 

265.8 

130.8 

TOTAL TEMP. 

• 

9 

(DEG. KELVIN) 

qqs. 

367, 

qqe. 

368, 

008. 

369, 

STATIC TFMP, 

0 

9 

(DEG. KELvIN) 

396. 

336. 

q03. 

337, 

006. 

538. 

REL. MACH NO. 

0 

9 


0,«I5 

1.0^3 

0,397 

1.061 

0,300 

1,069 

twHEEL VFLPCITy 

0 

9 

(*'/SEC) 

192. 

192. 

209, 

209, 

225. 

225, 
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Table 16(a) 


NASA Core HP Turbine Flo* Diagrans - Cold Test, 110% Speed (Continued) 


POINT NO. ?58a 

STATOR 1 

VEl OCITY 
FLflM ANGLE 
STATIC PRESSURE 
TOTAL TEMp. 
STATIC TEMP, 
MACH number 

ROTOR 1 

RELATIVE VEL. 
REL. FLOW angle 
STATIC PRESSURE 
TOTAL TEMP. 
STATIC TEMP, 
REL. MACH NO. 
WHEEL velocity 


110% SPEED 



HUB 

PITCH 

TIP 


inlet 

EXIT 

inlet 

EXIT 

inlet 

exit 

(M/SEC) 

00. 

324. 

90. 

302, 

90, 

283. 

(Degrees) 

20. 

69, 

20, 

68, 

2©, 

07, 

(Kn/Md2) 

377,6 

241.0 

377,6 

256,4 

377,6 

268,9 

(DEG’. KELVIN) 

fldfl. 

44fl. 

448, 

448, 

448. 

448, 

(DEG. KELVIN) 

ddfl. 

397. 

444, 

404, 

444, 

409, 


0,213 

O.Bll 

0,213 

0,750 

0,213 

0,699 


HUB 

PITCH 

TIP 


inlet 

EXIT 

inlet 

EXIT 

inlet 

EXIT 

(M/SeC) 

161. 

335. 

136, 

342, 

ll*>. 

346, 

(Degrees) 


62. 

31, 

61, 

17. 

60, 

(KN/Mn2) 

2«1.0 

156.5 

256.4 

157,7 

268.9 

158,6 

(DEG. KELVIN) 

OdB, 

3'»6. 

448, 

377, 

448. 

377. 

(OEG. KELVIN) 

397. 

354. 

404, 

355, 

409, 

356, 


0.003 

a, 891 

0,338 

0,908 

0,293 

0,9l8 

(M/5EC) 

192. 

192. 

209, 

209, 

225, 

225, 
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Table 

16(a). NASA Core HP Turbine Flow Diagraas 

- ColO Ttest, 

110% Speed 

(Continued) . 

POINT NO. 






llOZ 

SPEED 

STATOR I 


HUB 

PITCH 

TIP 



inlet 

EXIT 

inlet 

EXIT 

INLET 

exit 

velocity 

; (M/SEC) 

90. 

317. 

90. 

296, 

90. 

278. 

FLOW ANGLE 

; (OFGRFES) 

20. 

69, 

20. 

68. 

20. 

87. 

STATIC PRESSURE 

; (KN/Mn2) 

377.6 

246.0 

377.6 

260,9 

377.6 

273,2 

TOTAL TEMP. 

; (DEG. KELVIN) 

^148. 

448. 

448. 

448, 

448, 

448. 

STATIC TEMP. 

S (DEG’. KELVIN) 

444. 

399. 

444, 

406. 

444, 

411. 

MACH number 

• 

f 

0.?!l 

0,793 

0,211 

0.733 

0.211 

0.684 

ROTOR 1 


HUB 

PITCH 

TIP 



tnlet 

EXIT 

inlet 

EXIT 

inlet 

EXIT 

RELATIVE VEL. 

; (M/SEC) 

155. 

301. 

131. 

3~ . 

115. 

314. 

REL. FLOW angle 

; (Degrees) 

as. 

62. 

30. 

61. 

15. 

80. 

STATIC PRESSURE 

; (KN/MH2) 

246,0 

177.1 

?60,9 

177.7 

273.2 

178.2 

TOTAL TEMP. 

f (DEG'. KELVIN) 

448, 

383. 

448. 

383, 

448, 

384, 

STATIC TEMP. 

J (DEG. KtLvIN) 

399. 

367, 

406. 

367, 

411. 

367, 

PEL, MACH NO. 

• 

r 

0.388 

0.786 

0.325 

0.809 

0.283 

0.819 

wheel velocity 

: (M/SEC) 

192. 

192. 

209, 

209, 

225, 

225, 
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Table 16(a). 

NASA Core HP Turbine Flow Diagrams 

- Cold Test, 

110% Speed 

(Concluded) 

. 

POINT NO. 19Pa 






■ 

iioz 

SPEED 

STATOR 1 



HUB 

PITCH 

TIP 




inlet 

exit 

inlet 

EXIT 

inlet 

exit 

VF!! OCITY 

• 

9 

(M/SEC) 

87. 

503. 

87. 

282. 

87. 

265, 

FLOW ANGIF 

• 

9 

(DEGREES) 

2D, 

69, 


68. 

20. 

67. 

STATIC PRESSURE 

• 

9 

(KN/M02) 

378.3 

256.7 


270.7 

378,3 

282,2 

TOTAL temp. 

• 

9 

(DEG. KELVIN) 

aoB, 

aoB, 

OOB. 

408. 

448. 

448. 

static tfmp. 

• 

9 

(DEG. KELVIN) 

aaa. 

ooa. 

004. 

409. 

444. 

414, 

MACH number 

f 


0.206 

0.752 

0.206 

0,696 

0.206 

0,650 

rotor 1 



HUB 

PITCH 

TIP 




inlet 

EXIT 

inlet 

EXIT 

inlet 

EXIT 

REIATIVE VFL. 

• 

r 

(M/SECi 


?70. 

I2l. 

281. 

. 106. 

283. 

RF-L. FLOH ANGLE 

• 

# 

(DEGREES) 

«o. 

62. 

26. 

61, 

10. 

60. 

STATIC PRESrURE 

• 

9 

(KN/RH2) 

2S6.7 

198,6 

270.7 

198.8 

282.2 

199,0 

TOTAL temp. 

» 

« 

(DEG'. KELVIN) 

aae. 

390. 

008. 

381. 

448. 

392. 

STATIC TEMP, 

• 

9 

(DEG. KELVIN) 

Aoa, 

378. 

009. 

378, 

414. 

378, 

PEL. MACH NO. 

m 

9 


0.353 

0.690 

0.298 

0.723 

0.264 

0.726 

WHEEL velocity 

• 

f 

(M/SEC) 

192. 

192. 

209, 

209, 

225. 

225. 
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Table 16(b). NASA Core El* Turbine Flow Diagrams 

- Cold Test, 

100% Si^d. 



POINT no. ^076 






1002 

SPEEO 

ST ATOP 1 


H?IH 

PITCH 

IIP 



inlet 

EXIT 

inlet 

EXIT 

INLET 

EXIT 

VEinCTTY 

: (y/SEC) 


332. 

R|. 

310. 

91. 

291. 

FLOW ANGLF 

S (DEGREES) 

• 

o 

CM 

6R. 

2D. 

68. 

20. 

67. 

STATIC PRESSURE 

; (KN/Mn2) 

377.? 

?3«.3 

377.2 

250.1 

377.2 

263,2 

TOTAL TEMP, 

; (DEG. KELVIN? 

aafl. 

“418. 

OdB. 

008, 

ooe. 

008, 

STATIC TEMP. 

J (DEG. KELVIN) 

Qua, 

3R4I. 

0 la. 

ool. 

000. 

007, 

MACH rJUMRFR 

• 

0.?16 

0,037 

0.216 

0.773 

0.215 

0.721 

ROTOR 1 


HUB 

PITCH 

TIP 



inlet 

EXIT 

inlet 

EXIT 

INLET 

EXIT 

RELATIVE VEL. 

; (M/SEC) 

182. 

362. 

I5a. 

366. 

132. 

369. 

REL. FLOW angle 

; (DEGREES) 


62. 

39. 

61 . 

29. 

60. 

STATIC PRESSURE 

; (KN/Mn2) 

23«,3 

101.7 

250.1 

103,9 

263,2 

105,7 

TOTAL TEMP. 

; (DEG. KELVIN) 

aa8. 

37S. 

aae. 

375. 

ooe. 

375. 

STATIC TFMP. 

; (DEG. KELvIN) 

3R«. 

3A6. 

aoi , 

307. 

007, 

308, 

REL. MACH NO. 

• 

p 

0.«57 

0.971 

0,380 

0.981 

0.326 

0,909 

wheel vfiocity 

; (*'/SEC) 

17“. 

17“. 

iRo, 

l9o. 

205, 

205, 


Table 

POINT NO. ?076 

STATOM 1 

velocity 
FLOW angle 
STATIC PRESSURE 
TOTAL TEWP. 
STATIC TFMP. 
MACH NUMBER 

ROTOR ! 

RELATIVE VEL. 
REL, FLOW ANGIE 
STATIC PRESSURE 
TOTAL temp, 
static temp. 

REL. MACH NO. 
WHEEI VEinCITv 


16(b). NASA Core HP TUrbine Flow Diagrams - Cold Test, 1(N9 Speed (Continued). 

I out speed 



HUB 

PITCH 

TIP 


inlet 

EXIT 

inlet 

EXIT 

inlet 

EXIT 

(M/SEC) 

91. 

350. 

91. 

308, 

91, 

289, 

(Degrees) 

20. 

69. 

20. 

68, 

20. 

67. 

(KN/MnP) 

377.3 

236.1 

377,3 

251,8 

377,3 

264,8 

(DEG. KELVIN) 

aae. 

448. 

448. 

448, 

448. 

448, 

(DEG. KELVIN) 

oaa. 

395. 

444, 

402, 

444, 

407, 


0.215 

0,831 

0,215 

0,768 

0.215 

0,716 


HUB 

PITCH 


TIP 


inlet 

EXIT 

inlet 

EXIT 

INLET 

EXIT 

(M/SEC) 

180. 

336. 

152. 

342. 

131. 

346, 

(DEGREES) 

as. 

62. 

39, 

61. 

28. 

60. 

(KN/MnP) 

236.1 

156.6 

251,8 

158.3 

264.8 

159,6 

(DEG. KELVIN) 

008 , 

379. 

440, 

379, 

448, 

379, 

(DEG. KELVIN) 

395. - 

356. 

402. 

356, 

407. 

357, 


0.AS2 

0.890 

0.379 

0.905 

0.323 

0.9i4 

(M/SEC) 

17A. 

174. 

190. 

190, 

205. 

205, 
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Table 16(b). 

NASA Core HP Turbine Flw Diagraas 

- Cold Test, 

100% Speed (C<mtimied) 

• 

POINT NO. 2176 







tooz 

SPEED 

STATOR 1 




HUB 

PITCH 

TIP 



• 

inlet 

EXIT 

inlet 

EXIT 

INLET 

exit 

VELOCITY 

• 

9 

(v/SFC) 

90. 

31 7. 

90, 

296. 

90. 

278. 

FLOW ANGLF 

• 

9 

(DEGREES) 

20. 

69. 

29. 

68, 

20. 

*»7. 

STATIC PRESSURE 

; 

(KN/MH2) 

377.7 

206,0 

377.7 

260.9 

377.7 

273,2 

TOTAL TEMP. 

• 

9 

COEG. KELVIN) 

«afi. 

046. 

008. 

008, 

008. 

008, 

STATIC TEMP. 

• 

« 

(DEG. KELVIN) 

oao. 

3RR, 

OOfl. 

406. 

400. 

Oil, 

MACH number 

• 

9 


0,2|1 

0.7R3 

0.211 

0,733 

0.211 

0,680 

ROTOR 1 



HUB 

PITCH 

TIP 




INLET 

EXIT 

inlet 

EXIT 

INLET 

exit 

RELATIVE VEL. 

• 

9 

(M/SEC) 

168, 

293. 

192. 

302, 

122. 

305, 

REL. FLOW ANGlE 

• 

9 

(DEGREES) 

07. 

62. 

37 

61. 

20. 

60, 

STATIC PRESSURE 

• 

9 

(Kw/Mn2) 

206,0 

180.1 

260.9 

185,0 

273.2 

185,6 

TOTAL TEMP. 

• 

9 

(OEG. KELVIN) 

0Q8, 

387, 

008. 

387. 

008, 

388, 

STATIC TFMP. 

m 

9 

(DEG. KELVIN) 

399. 

371. 

006. 

37l. 

Oil • 

371, 

PEL. MACH NO. 

; 


0.018 

0,760 

0.351 

0.783 

0,300 

0,792 

WHEEL velocity 

• 

9 

(M/SEC) 

170. 

170. 

190. 

190. 

205. 

205. 



Table 16(b). NASA Core HP TUrbine Flo* Diagraas - Cold Test, 100% Speed (CODCluded) 


PnirjT NO. 1976 

STATOH 1 

VEl OCITY 
FLOW ANKIF 
STATIC PRESSURF 
TOTAL TtRP. 
STATIC TFRP, 
WACH number 

ROTOR 1 

RELATIVE vEL, 
REL, FLOW angle 
STATIC pressure 
total TEM5 . 
STATIC temp, 
REL. MACH NO. 
WHEEL VEl.nrUY 


100% SPEED 



HUB 

PIT 

CH 


TIP 


inlet 

EXIT 

I%ET 

exit 

INLET 

exit 

(w/SEC) 

87. 

303. 

57. 

28?, 

87. 

265. 

(Degrees) 

20. 

60, 

20. 

68. 

2®, 

97. 

(KN/Mn2) 

378.3 

256,7 

378,3 

270,7 

378.3 

282.2 

(DEG. keLvIM 

408. 

448. 

448, 

448. 

448. 

448. 

(DEG’. KELvIE<) 

444, 

404. 

444, 

409, 

444. 

414. 


0.206 

0.75? 

0.206 

0,696 

0.206 

0.650 


HUB 

PITCH 


TIP 


inlet 

EXIT 

inlet 

EXIT 

inlet 

EXIT 

(w/SEC) 

154, 

266. 

130. 

276. 

113. 

278, 

(Opr, PEES) 

45. 

62. 

33. 

91. 

20. 

60. 

(KN/Vn2) 

256.7 

?03.7 

?70,7 

204,1 

282.2 

204,5 

(OEG. KELVIN) 

448, 

393. 

448, 

393. 

448. 

594, 

(DEG. KELVIN) 

404, 

381. 

409, 

381. 

414. 

381. 


0,3b? 

0,680 

0.321 

0.707 

0.277 

0.712 

(M/?f C) 

174. 

174. 

1^0. 

190, 

205. 

205, 


00 
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Table 16(c). NASA Core HP Turbine Plow Diagraiis - Cold Test, 90% Speed. 


POINT NO, ?66<» 







90X 

SPEED 

STATnW 1 



HUB 

PITCH 

TIP 




•inlet 

EXIT 

INLET 

EXIT 

INLET 

EXIT 

VElOrTTY 

• 

9 

(M/SFC) 

9?. 

337. 

9?. 

319. 

92. 

295, 

FLOW ANGLE 

• 

9 

(OegRFES) 

20. 

69. 

2). 

68. 

20. 

67, 

STATIC PRESSURE 

t 

(KN/Mn2) 

377.1 

231.2 

377.1 

297.3 

377.1 

260,6 

TOTAL TEMP, 

m 

9 

(DEG’. KELVIN) 

oae. 

aas. 

998. 

998. 

948. 

948. 

STATIC TEMP, 

• 

9 

(OEG. KELVIN) 

<id«. 

393. 

999, 

900. 

449. 

406. 

MACH number 

t 


0.?l7 

0,899 

0.217 

0.789 

0,217 

0.731 

ROTOR 1 



HUB 

PITCH 

HP 




inlet 

EXIT 

inlet 

EXIT 

INLET 

EXIT 

RELATIVE VFL, 

• 

9 

(M/SEC) 

199. 

363. 

|70. 

366. 

196. 

368, 

REL, FLOW ANGLF 

9 

(OFGREES) 

52. 

62. 

95. 

01. 

36. 

60, 

STATIC PRESSURE 

• 

9 

(KN/Mn2) 

231.? 

192. Q 

297.3 

I9S.3 

260.6 

147.7 

TOTAL temp. 

• 

9 

(OEG". KELVIN) 

aae. 

379. 

498, 

379. 

998. 

379. 

STATIC TEMP, 

m 

9 

(DEG'. KELVIN) 

395. 

398. 

900. 

398. 

906. 

349. 

REL. MACH NO. 

• 

9 


0.50? 

0.97? 

0.929 

0.979 

0.362 

0,984 

WHEEL velocity 

• 

9 

'f. /SEC) 

157. 

157. 

l7l. 

171. 

185. 

185, 
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Table 16(c). NASA Core HP Turbine Flow Diagraas - <^ld Test, 90]t ^>eed (CoDtinued) . 

POTMT MO. ?ii69 ^0* SPEED 


STATOW 1 



HtIB 

PITCH 

TIP 




inlet 

EUI 1 

iJ^LfT 

EXIT 

INLET 

exit 

VEl oriTY 

9 

(M/SEC) 

R2. 

334. 

92. 

311. 

92. 

292, 

FLON ANKLF 

S 

(DEGREES) 

• 

o 

CM 

69. 

20. 

68. 

20. 

67. 

STATIC PRFSSUPF 

m 

9 

(KN/MD2) 

377.? 

233.4 

377,2 

249,4 

377.2 

262.5 

TOTAl temp. 

t 

(DEG’. KELvIM) 

oofl. 

44B, 

448, 

448. 

448. 

448. 

STATIC TFMP. 

• 

9 

(0E6. KELvIM) 

4IMI, 

394, 

444. 

401. 

444, 

407, 

MACH NUMREP 

• 

9 


0,?I6 

0.841 

0.216 

0.778 

0.216 

0,724 

ROTOR 1 



HUB 

PITCH 

TIP 




inlet 

exit 

inlet 

EXIT 

inlet 

EXIT 

RELATIVE VEL. 

• 

9 

(M/SEC) 

196. 

343. 

168, 

347. 

144. 

350. 

REL, FLOW AMGlF 

1 

(Degrees) 

sa. 

62. 

45. 

61, 

36. 

60, 

STATIC PRESSURE 

1 

(KN/MH2) 

233.4 

154.4 

249,4 

156.8 

262.5 

158,8 

TOTAL TEMP, 

• 

• 

(DEG. KELVIM) 

44P, 

382. 

448, 

382. 

448. 

382, 

STATIC temp. 

• 

9 

(DEG’. KELviM) 

3R4. 

355. 

401, 

355. 

407. 

356. 

REL, MACH MO, 

• 

9 


0.445 

n,909 

0.418 

0.921 

0.3S6 

0.927 

ifsHFEL velocity 

• 

9 

(M/SEC) 

157, 

157. 

I7l. 

171. 

185. 

185. 
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<1 ‘ *-• 


• -»c' • 


Table 16(c) 
PMTNT no. ? 16 P 

STftTnP I 

VELOriTY ; 

FLOW ANGtF : 

STATIC PRESSUPF S 

TOTAL TFPP. I 

static TEVP. 9 

MACH number S 

ROTOR 1 

RELATIVE VFL. 9 

REL, FLOW ANGiE ; 

STATIC PRFSSURF 9 

TOTAL TEMP. J 

STATIC TEMP, ; 

REi . MACH NO. ; 

WHEEL VFinCITv ; 


NASA Core HP Itirbine Flo* Diagrams - Cold Test, 90% Speed (GontitRied) . 

SPEED 



HUft. 

PITCH 

TIP 


inlet 

EXIT 

inlet 

EXIT 

INLET 

EXIT 

(m/SFC) 

RO. 

323. 

90. 

501, 

90, 

282. 

(DEGREES) 

20. 

69. 

2>. 

68. 

20, 

67, 

(KN/Mn2) 

377.5 

241.fi 

377.5 

257,0 

377.5 

269,6 

(DEG. KELvINi 

4afl, 

OOfi. 

44«, 

448, 

448. 

448. 

(DEG. FELvIM 

404, 

397. 

440. 

400, 

404. 

409, 


0.213 

0.809 

0.213 

0.748 

0.213 

0,698 


HUB 

PITCH 

TIP 


inlet 

EXIT 

inlet 

EXIT 

inlet 

EXIT 

(M/SEC) 

18b. 

300. 

158. 

307. 

!36. 

311. 

(OfGRFES) 

51. 

62. 

43. 

61. 

34. 

60. 

(Kn/Md2) 

241.fi 

181.2 

257,0 

182.8 

269.6 

183.9 

(OEG. KFLvIN) 

44fi, 

389. 

OOfi, 

389. 

448. 

389. 

(DEG. KELvIN) 

397. 

370. 

oOo, 

569, 

409, 

370. 


0.46b 

0.779 

0,393 

0,799 

0.335 

0,8o7 

/SECJ 

157. 

1ST, 

17|, 

171, 

185. 

185. 


185 


Table 16(c) 

. NASA Core HP Ilirbine Flow 

lagraas 

- Cold Test, 

90% Speed (Coocluded) 

• 

POIfJT NO. 1969 







90* 

SPEED 

STATOR 1 



HUB 

inlet exit 

PITCH 

inlet exit 

TIP 

inlet exit 

VEI OrlTY 

• 

# 

(M/SEC) 

87. 

S03. 

87. 

282. 

87. 

265. 

FLOb ANGl F 

• 

# 

(OfGRFES) 

20. 

69. 

2®. 

68. 

2®. 

67. 

stahc prfssure 

• 

9 

(Kw/Mn2i 

?78.5 

256.7 

578.3 

270,7 

378.3 

282.2 

totai temp. 

• 

9 

(DEG. KELVIN) 

0A8. 

44B. 

9)8. 

448. 

448. 

448. 

STATIC TFMP. 

• 

9 

(DEG. KELVIN) 

«A4. 

404. 

444. 

409. 

444. 

414, 

MACH NUMRFR 

« 

9 


0,206 

0.752 

0.206 

0.696 

0,206 

0.650 

ROTOR 1 



HUB 

inlet exit 

PITCH 

inlet exit 

TIP 

inlet EXIT 

REIATIVE VEL, 

• 

9 

(M/SFC) 

167. 

?6t. 

141. 

271. 

121. 

274. 

RFE, FLOW ANGlF 

• 

9 

(DEGREES) 

49. 

62. 

40. 

61. 

29. 

60. 

STATIC PRESSURE 

• 

9 

(KN/Mn2) 

256.7 

208.8 

270.7 

209,6 

262.2 

210.2 

TOTAL TEMP. 

• 

9 

(DEG. KELVIN) 


397. 

448. 

597. 

448. 

597, 

STATIC temp. 

m 

9 

(DEG. KELVIN) 

aoa. 

383. 

409. 

583. 

414. 

583. 

PEI . «ACH ^30. 

• 

f 


o.Aia 

0.666 

0.348 

0,692 

0.297 

0.697 

bHFEL VFIPCITy 

• 

9 

(M/StC) 

157. 

157. 

17|. 

171. 

185. 

185. 
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a 3 

Table 16(d). NASA Core HP Turbine Flow Diagraas - Cold Test, 70% Spee<- 


PHTMT NO. ?65? 







70X 

speed 

STATOR 1 



HUB 

PITCH 

t: 

P 




inlet 

EXIT 

I <LET 

EXIT 

inlet 

EXIT 

VEI OCITY 

• 

9 

(M/SEC) 

R3. 

306. 

93. 

323. 

93. 

303. 

FLOW ANGLF 

• 

9 

(DFGREFs) 

?0. 

69. 

20. 

68, 

20. 

97. 

STATIC PRFSSURF 

• 

9 

(KN/Mn2) 

376,9 

220.1 

376.9 

200,7 

376.9 

250,5 

TOTAL TEMP, 

« 

9 

(DEG. KELvIN) 

<108, 

008, 

008, 

008. 

008. 

008. 

STATIC TFPP. 

% 

9 

(DEG. KELvI^) 

000, 

389. 

000, . 

397. 

000^ 

103. 

MACH NUMRFR 

• 

9 


0.2t9 

0.877 

0,219 

0.810 

0,219 

0,750 

ROTOR 1 



HUH 

PITCH 

TIP 




inlet 

EXIT 

inlet 

EXIT 

i:!LET 

EXIT 

RELATIVE VEL. 

• 

9 

(M/SFC) 

237, 

366 « 

207. 

366. 

161. 

366. 

REL, FLOW AN6LF 

% 

(DFGREFs) 

sft. 

62. 

S3. 

91. 

09. 

90. 

STATIC PRFSSURF 

• 

9 

(KN/Mn?) 

220,1 

103.7 

200. T 

108.3 

250.5 

152,0 

TOTAL TEMP. 

a 

9 

(DEG. keLvI^) 

008, 

389. 

008. 

388, 

008, 

388. 

STATIC TFMP, 

m 

9 

(DEG’. KELvIN) 

389, 

352. 

397. 

352. 

003. 

353. 

REI . MACH NO. 

• 

9 


0,600 

0,970 

0,519 

0.973 

o.oSo 

0,972 

WHFEl VELOCITY 

• 

9 

(m/SEC) 

122. 

122. 

133. 

133. 

100. 

100, 
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Table 16(d). NASA Core HP Turbine Flow Diagrams 

- Cold Test, 

70% Speed (Continued) . 


POINT NO. pas^i 






70X 

SPEED 

STATOH 1 


HUH 

PITCH 

TIP 



inlet 

EXIT 

inlet 

EXIT 

INLET 

EXIT 

VEI.OCITY 

; (M/SFC) 

93. 

395. 

93. 

321. 

93. 

302. 

FLOW ANGLE 

; (Degrees) 

20. 

69. 

20, 

68. 

20, 

67. 

STATIC PPFSSURF 

; (KN/Mn2) 

376.9 

225.0 

376.9 

201,5 

376.9 

255,7 

TOTAL TEMP. 

: (DEG. KELVIN) 

oas. 

90S. 

098, 

408, 

446, 

448, 

STATIC TFMP, 

; (DEG. KELVIN) 

qqa. 

390. 

040, 

398, 

404, 

400, 

MACH number 

• 

§ 

0,2l9 

0.872 

0.219 

0.805 

0.219 

0.750 

ROTOR 1 


HUB 

PITCH 

* TIP 



INLeT 

EXIT 

inlet 

EXIT 

inlet 

EXIT 

RELATIVE VFL. 

S (M/SEC) 

236. 

352. 

206. 

353. 

180, 

353. 

PEL, FLOW angle 

; (ofgrefs) 

58. 

62. 

53. 

61. 

48. 

60, 

STAtiC PRESSURE 

; (KN/Mn2) 

225. a 

152.1 

241.5 

156.0 

255.7 

159,7 

TOTAL TEMP. 

; (DEG‘. KELVIN) 


391, 

048, 

390, 

448. 

389. 

STATIC TFMP, 

; (DEG. KELvIN) 

390, 

357. 

398, 

357. 

400, 

358, 

REL, MACH NO. 

• 

f 

0.596 

0,930 

0,515 

0,932 

0.446 

0.933 

WHEEL VtlOCITY 

; (M/SEC) 

122. 

122. 

133. 

133, 

144. 

144, 
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Table 16(d) 

• 

NASA Core HP Turbine Flow 

liiagrans - 

Cold T6st, 

70% Speed (Continn^). 


POINT NO. P153 







70% 

SPEED 

STATOR 1 



HUH 

PITCH 

TIP 




inlet 

EXIT 

inlet 

EXIT 

inlet 

EXIT 

vflocity 

• 

9 

(M/SPC) 

91. 

333. 

91. 

311. 

91. 

292. 

FLOW ANGLE 

9 

9 

(DEGREES) 

20. 

69, 

3>. 

68. 

20. 

67. 

STATIC PRESSURE 

9 

9 

(KN/Mn?) 

377. ? 

233.9 

377.2 

249.8 

377.2 

262.9 

TOTAL TEMP, 

9 

9 

(DEG. KELVIN) 

AA8, 

048. 

448. 

448. 

446. 

448. 

STATIC TrMP. 

9 

9 

(DEG. KELVIN) 

AAa. 

394, 

440. 

401. 

444. 

407. 

MACH number 

s 


0.216 

0.839 

0.216 

0.783 

0.216 

0.723 

ROTOR 1 



HUB 

PITCH 

TIP 




tnlet 

EXIT 

inlet 

EXIT 

inlet 

exit 

RELATIVE VEL. 

9 

9 

(M/SEC) 

225. 

308. 

196. 

313. 

171. 

315. 

REL. FLOW ANGLF 

9 

9 

(DEGREES) 

58. 

62. 

53. 

01. 

47. 

60. 

STATIC PRESSURE 

9 

9 

(KN/Mn2) 

233. R 

179.5 

249.8 

182.6 

262.9 

165.0 

TOTAL TEMP. 

; 

rOEG. KELVIN) 

fl08. 

396. 

448. 

396. 

446. 

395. 

STATIC TEMP, 

• 

9 

(DEG. KELVIN) 

39 a, 

372. 

401, 

572. 

407, 

5T2. 

REL, MACH NO. 

9 

9 


0.56S 

0.798 

0.487 

0,810 

0.422 

0.015 

WHEEL velocity 

t 

(M/SEC) 


122. 

133. 

133. 

144, 

144. 
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Table 16(<i) 


POINT NO. 1<)53 
stator 1 

VELOCITY 
FLOW ANGLE 
STATIC PRESSURE 
TOTAL TEMP. 
static TEMP. 
MACH NUMBER 

ROTOR ! 

RELATIVE VEL, 
PEL. FLOW angle 
STATIC PRESSURE 
TOTAL TEMP. 
STATIC TEMP. 

REt , MACH NO. 
wheel velocity 


. NASA Core HP Turbine Flo* Diagrans 


HUH 



inlet 

EXIT 

(m/SEC) 

RO. 

317. 

(Degrees) 

20. 

69. 

(KN/Mn2) 

377,7 

246.0 

(OEG‘. KELVIN) 


448. 

(DEG. KELVIN) 


399. 


0.211 

0.793 


HUB 


inlet 

EXIT 

(M/SEC) 

208, 

275. 

(DEGREES) 

57. 

62. 

(KN/Mn?) 

206,0 

202.5 

(OEG. KELVIN) 

aii6. 

401. 

(OFG. KELVIN) 

39R. 

383. 


0.521 

0,703 

(M/SEC) 

122. 

122. 


Cold Test, 

IVU Speed (Concluded) 

• 



70X 

SPEED 

PITCH 

inlet exit . 

TIP 

INLET EXIT 

90. 

296, 

90, 

278, 

2P. 

68, 

20. 

67. 

377,7 

260,9 

377,7 

273,2 

448, 

448, 

448, 

448, 

444. 

406, 

444, 

Oil. 

0.211 

0,733 

0,211 

0,684 

PITCH 

inlet exit 

TIP 

INLET EC IT 

181, 

282, 

157, 

285, 

51. 

61, 

45, 

60, 

260,9 

204,6 

273.2 

206.4 

448. 

401, 

448. 

400. 

406, 

382, 

411. 

382. 

0,448 

0.721 

0.3«7 

0.728 

133, 

133, 

144, 

144, 


*4 



■•V -v,- 



uhu n 


• Blade-Row Attenuation! AdB. (NASA Core 
High Pressure Turbine). 


a. 

iiox : 

N/i^T0» Tjo ■ 

783 K, 

P-jO ■ 389. 

5 kN/m^ 

Test Point No. 

3011 

2411 

2111 


Fund. Freq., Hz 

ASPL 

APWL 

ASPL 

APWL 

ASPL 

APWL 

83 

17.0 

12.2 

33.0 

28.2 

15.5 

10.7 

125 

- — 

— - 

— 

— 

14.0 

9.2 

150 

21.0 

16.2 

24.0 

19.2 



300 

IM t — 

— 

_ — 

— 

16.0 

11.2 

401 

13.0 

8.2 

11.0 

6.2 




525 

18.0 

13.2 

17.0 

12.2 

15.0 

10.2 

750 

21.0 

16.2 

13.0 

8.2 




770 

— 

— 

— 


16.0 

11.2 

1000 

11.0 

6.2 

17.0 

12.2 

14.0 

9.2 

1175 

14.0 

9.2 

17.0 

12.2 

11.0 

6.2 

2nd Harmonic, Hz 







167 

0 

0 

21.0 

16.2 

8.0 

3.2 

250 


— 


... 

11.0 

6.2 

300 

4.0 

0 

5.0 

0.2 

• a... 


600 

— 

- — 

— 


12.0 

7.2 

802 

18.0 

13.2 

16. C 

11.2 

— 


1050 

6.0 

1.2 

9.0 

4.2 

15.0 

10.2 

1500 

15.0 

10.2 

3,0 

0 



1539 

— 





1.0 

0 

2000 

10.0 

5.2 

15.0 

10.2 

17.0 

12.2 

2350 

13.0 

8.2 

18.0 

13.2 

11.0 

6.2 

3rd Harmonic, Hz 







250 

10.0 

5.2 

11.0 

6.2 

4.0 

0 

375 

— 

— 

— 


15.0 

10.2 

450 

12.0 

7.2 

10.0 

5.2 



900 

— 

— 

— 


7.0 

2.2 

1204 

0 

0 

4.0 

0 



1575 

-15.0 

0 

13.0 

8.2 

-1.0 

0 

2250 

2.0 

0 

8.0 

3.2 



2309 

— 

— 

— 

— - 

9.0 

4.2 

3000 

19.0 

14.2 

18.0 

13.2 

13.0 

8.2 

3525 

22.0 

17.2 

32.0 

27.2 

18.0 

13.2 


200 


'/.3 7.1 7.6 
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Table 17i Blade-Row Attenuation* AdB* (NASA Core 
High Pressure Turbine) (Continued) . 


b. 100% 

N/.fx0' 

Tto " 

783 K, 

Pto • 

389.5 kN/m^ 



Test Point No. 

3010 

2410 

2110 


1910 

Fund. Freq., Hz 

ASPL 

APWL 

ASPL 

APWL 

ASPL 

APWL 

ASPL 

APWL 

83 

28.0 

23.2 

22.0 

17.2 

20. 7 

15.9 

— 

___ 

125 

... 

— 

— 

— 

12.7 

7.9 

— 

— 

150 

26.0 

21.2 

28.0 

23.2 

— 

— 

19.0 

14.2 

300 

16.0 

11.2 

— 

— 

20.7 

15.9 

— 

— 

401 

— 

— 

11.0 

6.2 



12,0 

7.2 

525 

19.0 

14.2 

15.0 

10.2 

11.0 

6.2 

14.0 

9.2 

750 

13.0 

5.2 

... 

— 

— » 

— 

20.0 

15.2 

770 


___ 

12.0 

7.2 

13.3 

8.5 

— 

— 

1000 

9.0 

4.2 

12.0 

7.2 

10.0 

5.2 

12.0 

7.2 

1175 

15.0 

10.2 

23.0 

18.2 

12.3 

7.5 

7.0 

2.2 

2nd Harmonic* Hz 
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17.0 

12.2 

10.0 

5.2 

7.7 

2.9 

— 

— - 

250 

... 



— 

13.3 

8.5 

— 


300 

8.0 

3.2 

9.0 

4.2 

— - 

— 

7.0 

2.2 

600 

19, C 

14.2 

— 

— 

12.7 

7.9 

— 

— 

802 

... 

... 

13.0 

8.2 

— 

— 

11.0 

6.2 

105C 

-8.0 

0 

fi.O 

3.2 

12.0 

7.2 

6.0 

1.2 

1500 

2.0 

0 

- — 

— 

— 

— 

0 

0 

1539 

... 

— 

3.0 

0 

2.6 

0 


— 

2000 

14.0 

9.2 

18.0 

13.2 

T2.0 

7.2 

10.0 

5.2 

2350 

15.0 

10.2 

17.0 

12.2 

14.7 

9.9 

8.0 

3.2 

3rd Harmonic, Hz 









350 

11.0 

6.2 

11.0 

6.2 

12.3 

7.5 

— 

— 

375 

— 

— 


— 

18.4 

13.6 

— 

— 

450 

10.0 

5.2 

10.0 

5.2 

— 

— 

8.0 

3.2 

900 

1.0 

0 

— 

— 

11.3 

6.5 

— 

— 

1204 

— 

.... 

2.0 

0 

— 

— 

-3.0 

0 

1575 

-29.0 

0 

-13.0 

0 

9.3 

4.5 

-16.0 

0 

2250 

6.0 

1.2 

— 

— 

— 

— 

2.0 

0 

2309 

— 

— 

7.0 

2.2 

13.6 

8.8 

— 

— 

3000 

20.0 

15.2 

22,0 

17.2 

20.3 

15.5 

12.0 

7.2 

3525 

26.0 

21.2 

33.0 

28.2 

21.0 

16.2 

19.0 

14.2 


200 

- 7.0 6.9 8.6 5.4 

1200 


191 



Table 17. Blaue-Rpw Attenuation. AdB. (NASA Coro 
High Proaaure Turbine) (Continued). 

c. 90% TtO - 783 K, Pa'o “ 389.5 kN/m2 

Test Point No. 2691 2491 2191 1991 


Fund. Freq. , 

Hz 

&SPL 

APWL 

ASPL 

83 


___ 


20.0 

125 


- — 


— 

150 


13.0 

8.^ 

19.0 

300 


... 

— 


401 


13.0 

8.2 

10.0 

525 


17.0 

12.2 

16.0 

750 


16.0 

11.2 

10.0 

770 



— - 

— 

1000 


10.0 

5.2 

12.0 

1175 


15.0 

10.2 

22.0 

2nd 

Harmonic, 

Hz 
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— 


13.0 

250 


— 




300 


2.0 

0 

20.0 

600 


— 

- — 


802 


17.0 

12.2 

13.0 

1050 


7.0 

2.2 

11.0 

1500 


3.0 

0 

8.0 

1539 


— 

— - 


2000 


13.0 

8.2 

19.0 

2350 


17.0 

12.2 

17.0 

3rd 

Harmonic , 

Hz 




250 


— 

— 

9.0 

375 



- — 

— 

450 


10.0 

5.2 

12.0 

900 




_-.~ 

1204 


1.0 

0 

11.0 

1575 


-13.0 

0 

3.0 

2250 


5.0 

0.2 

11.0 

2309 


— 

— 

— 

3000 


12.0 

7.2 

13.0 

3525 


21,0 

16.2 

23.0 


200 





AdB 

ss 



6.7 



1200 






APWL 

ASPL 

APWL 

ASPL 

APWL 

15.2 

19.0 

14.2 



— - 

19.0 

14.2 

— _ 



14.2 

22.0 

17.2 

16.0 

11.2 

5.2 

— 

— 

10.0 

5.2 

11.2 

14.0 

9.2 

12.0 

7.2 

5.2 

12.0 

7.2 

— 

— ~ 

7.2 

12.0 

7.2 



17.2 

24.0 

19.2 



8.2 

17. 0 

12.2 




13.0 

8.2 

— 

— 

15.2 



6.0 

1.2 

- — 

10.0 

5.2 



8.2 

— 

— 

1.0 

6.2 

6.2 

20.0 

15.2 

*3.0 

0 

3.2 

5.0 

0.2 

— 

— 

14.2 

21.0 

16.2 




12.2 

12.0 

7.2 



4.2 

9.0 

4.2 



- — 

18.0 

13.2 

— 


7.2 

— 


9.0 

4.2 

- — 

20.0 

15.2 

. — - 


6.2 

— 

— 

2.0 

0 

0 

5.0 

0.2 

-23.0 

0 

6.2 

14.0 

9.2 


— . 

8.2 

19.0 

14.2 


— — — 

18.2 

27.0 

22.2 

— — — 


8.5 


11.0 


3.7 


192 



r 

f- 

1 


ii 

li 

ii 

i> 


i! 


8 


I 1 


Tabl* 17* Blade-Row Attenuation, AdB, (NAHA Core 
High PresBure Turbine) (Concluded). 

d. 70% TtO “ 783 K, PtO " 389.5 kN/m^ 


Test Point No. 

2671 

2471 

2171 

1971 

Fund. Freq., Hz ASPL 

&PWL 

ASPL APWL 

4SPL APWL 

ASPL .iiFWL 


! 83 



— 

16.0 

11.2 

15.0 

10.2 

— 


125 


— 

— 

— 

— 

13.0 

8.2 

— 


i 150 


31.0 

26.2 

31.0 

26.2 

... 


23.0 

18.2 

300 


■» — Mi 

— 



16.0 

11.2 

... 


401 


13.0 

8.2 

11.0 

6.2 

10.0 

5.2 

11.0 

6.2 

i 525 


15.0 

10.2 

14.0 

9.2 

... 

... 

13.0 

8.2 

1 750 


17.0 

12.2 

15.0 

10.2 

4.0 

0 

12.0 

7.2 

i 770 


— 

— 

___ 

... 

... 

... 

... 

Mi... 

1000 


10.0 

5.2 

13.0 

8.2 

9.0 

4.2 

12.0 

7.2 

1 1175 


11.0 

6.2 

11.0 

6.2 

15.0 

JO. 2 

14.0 

9.2 

1 2nd 

Harmonic, 

Hz 









167 



- — 

15.0 

10.2 

12.0 

7.2 

— 

— 

250 


— 

■Mil 

tmtmm 

— 

11.0 

6.2 

— 

— 

1 300 


17.0 

12.2 

25.0 

20.2 

... 

... 

4.0 

0 

1 600 


— 

— 

— — 1 

— 

11.0 

6.2 

... 


i 802 


15.0 

10. 2 

13.0 

8.2 

9.0 

4.2 

12.0 

7.2 

1 1050 


2.0 

0 

6.0 

1.2 

... 

— 

8.0 

3.2 

1 1500 


6.0 

1.2 

3.0 

0 

9.0 

4.2 

-3.0 

0 

j 1539 



.... 

— — MB 

... 

... 

— 

- — 

--- 

i 2000 


1.0 

0 

21.0 

16.2 

16.0 

11.2 

17.0 

12.2 

1 2350 

« 


13.0 

8.2 

4.0 

0 

19.0 

14.2 

12.0 

7.2 

1 3rd 

Harmonic, 

Hz 









I 250 




12.0 

7.2 

6.0 

1.2 

— 

... 

i 375 


— 



- — 

14.0 

9.2 


. — 

A50 


17.0 

12.0 

18.0 

13.2 


. — 

8.0 

3.2 

1 900 


— 


— 

— 

13.0 

8.2 

. — 

— _ 

I 1204 


5.0 

0.2 

12.0 

7.2 

6.0 

1.2 

-1.0 

0 

1 1575 


-20.0 

0 

-3.0 

0 

— . 

— 

-12.0 

0 

: 2250 


-1.0 

0 

30.0 

25.2 

17.0 

12.2 

6.0 

1.2 

1 2309 


— 

— 


— 


— 

— 


3000 


A.O 

0 

13.0 

8.2 

24.0 

19.2 

19.2 

14.2 

3525 


20.0 

15.2 

14.0 

9.2 

34.0 

29.2 

24.0 

19.2 


200 










AdB 




7.7 


8.8 


5.6 


5.2 


1200 


193 


fo rc 


194 



Table 18. Aerodynamic Performance Parameters, Hot High Pressure Turbine. 


• P-ro = 389.5 kN/m2 (56.5 psia), T-r) = 783 K (1410“ R) 


%N/v¥ 

Test 

Point 

Pto/Pt2 

Ptq/PT2 

Measur. 

Plane 

W2 Corr, 
(Ibm/sec) 

W 2 Corr. 
(kg/sec) 

n//tto/Tstd 

Psh/»2 

(Btu/lba) 

Psh/W2 

(kJ/kg) 

110 

3011 

2.235 

3.02 

26.27 

11.92 

6684.2 

58.86 

136.9 


2411 

2.05 

2.48 

26.26 

11.91 

6675.7 

58.93 

123.1 


2111 

1.88 

2.13 

25.99 

11.79 

6679.7 

46.84 

108.9 

100 

3010 

2.20 

3.01 

26.30 

11.93 

6160.0 

57.29 

133.3 


2410 

2.03 

2.48 

26.35 

11.95 

6163.8 

51.66 

120.2 


2110 

1.86 

2.13 

26.11 

11.84 

6167.9 

46.11 

107.3 


1910 

1.84 

2.13 

25.72 

11.67 

6174.8 

40.08 

93.2 

90 

2691 

2.055 

2.67 

26.41 

11.98 

5565.7 

51.86 

120.6 


2491 

1.995 

2.49 

26.14 

11.36 

5548.3 

50.78 

118.1 


2191 

1.83 

2.13 

26.20 

11.88 

5553.6 

44.69 

103.9 


1991 

1.70 

1.89 

25.64 

11.63 

5571.4 

39.74 

92.4 

70 

2671 

1.92 

2.67 

26.62 

i2.07 

4360.8 

45.58 

106.0 


2471 

1.87 

2.48 

26.71 

12.12 

4320.0 

44.44 

103.4 


2171 

1.77 

2.13 

26.70 

12.11 

4313.8 

40.89 

93.7 


1971 

1.665 

1.89 

26.21 

11.89 

4329.9 

36.28 

84.4 
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Table 19(a). VASA Core HP Turbine Flo* Diagrams > Hot Test, 110% Speed, 


POINT NU. 3011 







IIOZ 

SPEED 

STfiTOR 1 



HUB 

PITCH 

TIP 




inlet 

EXIT 

INLET 

EXIT 

INLET 

EXIT 

VEl OCITY 

• 

0 

(M/SEC) 

lie. 

428. 

118.. 

399. 

118. 

375, 

FLOW ANGLF 

m 

9 

(DEGREES) 

20. 

69. 

20. 

68. 

20. 

07. 

STATIC PRESSURF 

• 

9 

(KN/Pn2) 

377.S 

23B.9 

377.5 

254.3 

377,5 

267,1 

TOTAL temp. 

• 

9 

(DEG. KELVIN) 

T7I. 

771, 

771. 

771. 

771. 

771. 

STATIC TEMP. 

f 

(UEG. KELVIN) 

760, 

666. 

764. 

697. 

764. 

706. 

MACH number 

t 


0.?|6 

0.827 

0.216 

0.765 

0.215 

0,713 

ROTOR 1 



HUB 

PITCH 

TIP 




inlet 

EXIT 

INLET 

EXIT 

INLET 

exit 

RELATIVE VEL. 

• 

9 

(M/SEC) 

?1«. 

507. 

IBI. 

51?. 

157. 

517. 

REL, FLOW ANGLF 

9 

9 

(DEGREES) 

04. 

62. 

32. 

61. 

18. 

60, 

STATIC PRESSURE 

• 

9 

(KN/MU2) 

238.9 

126.5 

254.3 

130.6 

267.1 

132.2 

TOTAL Ttwp. 

• 

9 

(DEG. KELVIN) 

771. 

639. 

771. 

640. 

771. 

641, 

STATIC temp. 

• 

9 

(0EG‘. KELVIN) 

606, 

587, 

697, 

589. 

706. 

592. 

REL. MACH NO. 

e 

9 


0.413 

1,055 

0.346 

1 .063 

0.299 

1,071 

WHEEL VEinCTTv 

• 

9 

(M/Sf C) 

253. 

253. 

275. 

275. 

"97. 

297. 




Table 

POINT KO. 2011 

STftTDR 1 

VFI OCITV 
FLOW ANGIE 
STATIC PRESSURE 
TOTAL TEMP. 
STATIC TEMP, 
MACH number 

ROTOR 1 

relative. VEL. 
»El, flow angle 
static pressure 
total temp, 
static temp, 

REl , MACH NO. 
WHrfi VELOCITY 


19(a). N^A Core HP TUrbine Flow Diagraas - Hot Test, IlOX S^ed (Cmtinued) . 

ii«x speed 



IK’LFT 

HUB 

EXIT 

PITCH 

inlet exit 

inlet 

TIP 

exit 

CM/SFCl 

IIP. 

<I23, 

l)B. 

390, 

118. 

370, 

(DEGREES) 

20. 

60. 

2 0. 

68. 

20, 

P7. 

(KN'Pn?) 

377.7 

262.1 

377,7 

257.0 

377,7 

269,8 

(DEG. HELvI^O 

771. 

^71. 

771. 

771. 

771, 

771. 

(OEG. KELVIN) 

76R. 

688, 

76«, 

699. 

760, 

708, 


o.ais 

0.81S 

0.215 

0.750 

9.213 

0,7o3 


1 

INLET 

HUB 

EXIT 

PITCH 

inlet exit 

inlet 

TIP 

EXIT 

(M/SEC) 

207. 

aao. 

177, 

009, 

150, 

055, 

(DEGREES) 


62. 

51. 


16. 

60, 

(KN/Mn2) 

?«2.1 

157.5 

257.0 

158,6 

269,8 

159.5 

COEG. HFLvIM 

771. 

653. 

77l. 

650, 

771. 

656, 

(OEG. KELVIN) 

683, 

618. 

699. 

618. 

708, 

620, 



0,89a 

0.337 

0.912 

0.293 

0.9?2 

(M/SEC) 

2S3. 

?S3. 

275, 

275. 

297. 

297, 
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Table 19(a). NASA Core HP TUrbiae Flow Diannas - 

Hot Tbst, 

110% Speed (Concluded) 

• 

POINT NU, 2111 






tioz 

SPEED 

stator 1 


inlet 

HUB 

EXIT 

PITCH 

INLET EXIT 

TIP 

inlet exit 

vEinriTY 

; (M/SEC) 

1 16, 

RIO. 

116. 

382, 

116. 

3S8. 

FLOW ANGlF 

; (Ofgrfes) 

20. 

69, 

ai. 

68, 

20, 

67, 

STATIC PRFSSURF 

; (FN/MD2) 

178.0 

209.8 

378,0 

260,3 

378.0 

276,3 

TOTAL TFPP. 

S COEG. KELvI^) 

77!. 

771, 

771, 

771, 

771. 

771, 

STATIC TFPP, 

; (DEG. KELvIR) 

76«, 

693, 

760, 

700, 

760. 

712, 

MACH number 

• 

0.2: 1 

0,786 

0.211 

0.728 

0.210 

0.679 

ROTOR 1 


inlet 

HUB 

EXIT 

PITCH 

inlet EXIT 

IIP 

INLET EXIT 

RELATIVE VFL. 

; (M/stC) 

197. 

386, 

167, 

399. 

107. 

003. 

»LL, FLOW ANRlF 

> (OFGREFS) 

ai. 

62, 

28, 

61, 

13. 

60. 

STATIC PRESSURE 

t (KN/Pn?j 

209.8 

183,0 

260,3 

!83,5 

276.3 

1B3.9 

TOTAL TEMP. 

; (DEG. KELvIN) 

771. 

667, 

771, 

668, 

771. 

669, 

STATIC TEMP, 

I (DEG. KELVIN) 

693. 

602. 

700, 

602. 

7S2. 

603. 

PEL, MACH Nn. 

0 

0.378 

0 . 769 

0,318 

0,790 

0,279 

0.801 

wmffl velocity 

; (M/SEC) 

253. 

253. 

27S, 

275, 

297. 

297, 
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Table 19(b). NASA Core HP Turbine Flow DiasraBS - tot Test, 100* Speed. 


POIHT Kl. 5010 







loot 

speed 

STflTCP 1 



HUP 

PITCH 

TIP 




IEJLFT 

F*IT 

inlet 

E»n 

INLET 

exit 

Vfcl nCITY 

• 

9 

(M/SEC) 

11**. 

430. 

119. 

404. 

119. 

360, 

FLnb ANGIE 

• 

9 

(PFGPEES) 

20. 

fcP. 

20. 

66, 

20. 

67. 

STATIC PPESSl'RF 

• 

9 


377. 0 

235.9 

377,4 

251,6 

377.4 

264,5 

TOTAL TEMP. 

• 

9 

(DEC. KELvI^) 

771. 

771. 

77|. 

771. 

771. 

771. 

STATIC TFMP, 

• 

9 

(DEG. RELvIE) 

76A. 

I>84. 

764. 

696, 

764. 

704. 

MACH NLMRFP 

• 

9 


0.2|7 

O.BSB 

0.217 

0,775 

0,216 

0.723 

POT OP 1 



HUB 

PITCH 

TIP 




inlet 

FXIT 

inlet 

EXIT 

INLET 

EXIT 

relative vel. 

• 

9 

(w/SEC) 

236. 

524. 

190, 

526. 

171. 

526. 

PEL. Ft Oh ANGLE 

• 

9 

(DEGPFES) 

dfl. 

62. 

39. 

61. 

26. 

60. 

STATIC PPESSURE 

• 

9 


235. R 

12?. P 

?5l ,6 

125.7 

264.5 

126.0 

TOTAL TEMP, 

« 

9 

(DEG. RFIVIN) 

771, 

642. 

771. 

643. 

771. 

fe«3. 

static tfwp. 

» 

9 

(DEG. KELVI^) 

68«. 

561 . 

6S6, 

564. 

704. 

566. 

PEI . mach no. 

9 

9 


o.as'i 

1 

o,3ei 

! ,097 

0.325 

1,100 

velocity 

9 

9 

/SEC) 

?30. 


25o. 

250. 

270, 

270. 



661 




Table 19(b). NASA Core HP TUrbine Flow Oiagraas 

- Hot Test. 

100% Speed (Contiaued) 

• 

pnTNT MO, ?<iio • 






iOOI 

SPEED 

STATOR 1 


HUB 

PITCH 

TIP 



inlet 

EXIT 

inlet 

EXIT 

INLET 

exit 

VELnClTY 

; (m/seC) 

lie. 

426. 

HR. 

399, 

118. 

374, 

FLOW AMGLF 

; (DEGREES) 

20. 

69. 

20. 

68. 

2®. 

07. 

STATIC PRESSURF 

J (KN/Mu2) 

377,5 

239.5 

377.5 

255.0 

377.5 

267.6 

_TOTAl TEMP. 

; (OCG. KELVIN) 

771. 

771. 

77 . 

771. 

771. 

771. 

static TEMP, 

S (0£G. KELVIN) 

76e, 

687, 

764. 

697. 

764. 

706. 

MACH mumper 

• 

9 

0,216 

0,825 

0.216 

0.763 

0.214 

0.712 

ROTOR 1 


HUB 

PITCH 

TIP 



inlet 

EXIT 

iniet 

exit 

inlet 

exit 

RELATIVE VFL. 

; (M/SEC) 

230. 

444, 

194. 

451.. 

167. 

456. 

REL, FLOfcv AMGlE 

; (DEGREES) 

06. 

62, 

38. 

01. 

26. 

60. 

STATIC PRESSURE 

; (KN/Mn2) 

23R.5 

157.3 

255.0 

159,0 

267.6 

160.4 

TOTAL TEMP. 

; (DEG. KELVIN) 

771, 

*658. 

771. 

658. 

771. 

659. 

static temp. 

J (DEG*. KELVIN) 

667, 

618. 

697, 

619, 

706. 

620. 

REl . MACh mo. 

• 

f 

0,fla3 

0,901 

0,371 

0.916 

0.317 

0.924 

WHEEL velocity 

; (M/SEC) 

230, 

230. 

250, 

250. 

270. 

270. 
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Table 19(b). NASA Core HP 


PUTNT NO. ?110 



STATOR 1 

VElOriTV 

• 

9 

(M/SEC) 

FLOW ANGLF 

• 

9 

(DEGREES) 

STATIC PRESSURE 

i 

(KN/MU2) 

to^al temp. 

• 

9 

(OEG. KELVIN) 

STATIC temp. 

• 

9 

(DEG. KELVIN) 

MACH number 

• 

9 


rotor 1 

relative vel. 

• 

9 

(M/SEC) 

REL. FLOW angle 

• 

9 

(DEGREES) 

static PRESSURE 

t 

(KN/Mn?) 

TOTAL TEMP, 

m 

9 

(DEG. KELVIN) 

STATIC temp. 

• 

9 

(DEG. KELVIN) 

REL. MACH NO. 

• 

9 



WHFEL VFIOCITY 


(v/SFC) 




Floe Diagrams - Hot Test, 100% Speed (Continued). 

100% SPEED 


HUB PITCH IIP 


inlet 

EXIT 

inlet 

EXIT 

inlet 

exit 

1|T. 

016. 

117. 

388. 

117. 

360. 

• 

o 

CM 

69. 

20. 

68. 

20. 

. 

<0 

377.8 

206.1 

377.8 

260.9 

377.8 

273.2 

771. 

771. 

771. 

771. 

771. 

771. 

76«. 

691. 

760. 

702, 

760, 

709. 

0.213 

0.801 

0.213 

0,701 

0.212 

0.691 

Hue 

PITCH 

TIP 

inlet 

EXIT 

inlet 

EXIT 

INLET 

exit 

21*?. 

389. 

185. 

000. 

160. 

005, 

07. 

62, 

36. 

61. 

20. 

60, 

206.1 

162.6 

260,9 

183.5 

273.2 

180,2 

771. 

669. 

771. 

670, 

771. 

671, 

691, 

602. 

702. 

602, 

709. 

60^., 

0.021 

0.770 

0.353 

0.797 

0,302 

0.806 

230. 

230. 

250. 

250, 

270. 

270, 
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Table 

19(b) 

. NASA Core HP Turbine Flow Diagraas - 

Hot Test, 

100% Speed (Concluded) 


POIMT hO, |P|0 







100% 

SPEED 

STATOR 1 



HUB 

PITCH 

TIP 




inlet 

EXIT 

inlet 

EXIT 

INLET 

EXIT 

VEI OCITV 

• 

9 

(M/SEC ) 

n«. 

397. 

1 Iq. 

370. 

110. 

307. 

FLOW ANGLF 

• 

0 

(DEGREES) 

2o. 

69, 

20. 

68. 

20, 

67. 

STATIC PRFSSURF 

• 

0 

(KN/Mo?) 

378. q 

256.8 

378,0 

270.7 

378.3 

282.2 

TOTAL TEMP. 

• 

0 

(DEG. KELVIN) 

771. 

771. 

771. 

771. 

771. 

771. 

STATIC TFMP, 

• 

0 

(DEG. KELVIN) 

765, 

698. 

765. 

708, 

765. 

715. 

MACH number 

• 

0 


0,2o8 

0,760 

0,208 

0.703 

0.207 

0.657 

ROTOR i 



ilUB 

PITCH 

TIP 




inlet 

EXIT 

inlet 

EXIT 

INLET 

EXIT 

RELATIVE VEL. 

• 

9 

(M/SEC) 

201. 

351. 

170, 

365. 

148, 

368. 

REL, FLOW angle 

• 

0 

(DEGREES) 

05. 

62. 

33. 

61. 

20. 

60. 

STATIC PRESSURE 

V 

0 

(KN/Mn2) 

256.8 

202.8 

270,7 

203,0 

282.2 

>03,7 

TOTAL TEMP. 

• 

f 

(DEG. KELVIN) 

771. 

680, 

771. 

681, 

771. 

681, 

STATIC TFMP. 

t 

(DEG. KELVIN) 


659. 

708. 

659, 

715. 

659, 

REL. MACH NO. 

• 

0 


0,385 

0,690 

0,32^ 

0.717 

0,279 

0.722 

WHFEL velocity 

t 

(M/SEC) 

230, 

230. 

250, 

250, 

270. 

270. 
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Table 19(c). NASA Core HP Turbine Flow Diagraas - Hot Test, 90% Speed. 
PflTNT Ml. ?hPt 


HUB 

INI.FT E*IT 


ST&T0R 1 
velocity 

FLOW ANGLF 
static PRESSURF 
TOTAL TEMP. 
STATIC TFMP, 
MACH NIIMBFR 

ROTOR 1 

RELATIVE VEL. 
REL, FLOW ANGLF 
STATIC PRESSURE 
TOTAL TEMP, 
STATIC TEMP. 
PEL, MACM mo. 
WHEEL velocity 


; (m/SeC) 
t (OFGREEs) 

; (KN/Mn2) 

; (DEG’. KELVIN) 
; (OEG. KELVIN) 


; (M/SEC) 

; (DEGREES) 
t (KN/Mn2) 

; (OEG. keIvIN) 
; (DEG. KELvIN) 
# 

; (M/SEC) 


120 . 

aao. 


69. 

377,3 

252.5 

771. 

771. 

76«. 

682. 

0.218 

0.852 

HUB 

tnlet exit 

259. 

075. 

52. 

62. 

232.5 

100,0 

771. 

658. 

682. 

607. 

0,5ol 

0.97? 

207, 

207. 


PITCH 


inlet 

EXIT 

120. 

410. 

20. 

68. 

377.3 

208.0 

771. 

771. 

760. 

693. 

0.218 

0.788 

PITCH 

inlet exit 

221. 

079, 

95. 

61. 

208.0 

106.8 

771. 

657. 

693. 

608. 

0.020 

0.979 

225. 

225, 


ROZ SPEED 


TIP 


INLET 

exit 

120. 

385. 

20. 

67. 

377.3 

261.6 

771. 

771. 

760. 

702. 

0.217 

0.730 

IIP 

INLET 

EXIT 

189. 

082. 

36. 

<> 0 . 

261.6 

109,1 

771. 

657. 

702. 

610. 

0,36i 

0.980 

203. 

203. 
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Table 19(c). NASA Core HP Turbine Flow Diagraas - Hot Test, 90% Speed (Continued). 


PtllMT NO. 2a<»l 







90S 

SPEED 

STATOR 1 



HUH 

PI rcH 

IIP 




INLET 

EXIT 

inlet 

EXIT 

inlet 

exit 

VEl OCITV 

• 

« 

(M/SEC) 

119. 

937, 

119. 

007. 

119. 

362. 

FLOW ANGI F 

• 

# 

(OFGREES) 

20, 

69. 

20. 

68. 

20. 

67. 

STATIC PRFSSUPF 

• 

# 

(KN/Mn?) 

377.3 

239.3 

377.3 

250.1 

377.3 

263.2 

TOTAL TEF^P. 

• 

9 

(DEG. KELVIN) 

771. 

771. 

771. 

771. 

771. 

771. 

STATIC temp. 

• 

9 

(OEG. KELVIN) 

769. 

683. 

769, 

690. 

760, 

703, 

MACH OUMRFP 

• 

9 


0.218 

0.895 

0.218 

0,781 

0,217 

0.729 

ROTOR 1 



HUB 

PITCH 

TIP 




inlet 

EXIT 

inlet 

EXIT 

INLET 

EXIT 

RELATIVE VFL. 

• 

9 

(M/SEC) 

256. 

951. 

218. 

957. 

167. 

060, 

REL, FLOW ANGLF 

• 

9 

(DEGREES) 

S2. 

62. 

90. 

61. 

36. 

60. 

STATIC PRESSURE 

• 

9 

(KN/MQ2) 

239.3 

159.8 

?50.1 

157.2 

263.2 

159,1 

TOTAL TEMP, 

• 

9 

(DEG. KELvIN) 

771. 

662. 

771. 

662. 

771. 

662. 

STATIC TEMP, 

• 

9 

(OEG. KELvIN) 

683. 

618. 

690, 

618, 

703. 

619. 

REl . MACH NO, 

; 


0.965 

0,915 

0.018 

0.927 

0.356 

0,933 

WHFEl velocity 

• 

# 

(M/SEC) 

207. 

207. 

225, 

225, 

293. 

293. 
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Table 19(c) . N/^A Core HP TUrbine Flow Diagraas 
POTMT NO. ?l9i 

STATOH 1 HUH 





inlet 

EXIT 

velocity 

• 

9 

(M/SEt) 

lie. 


FLOW ANGLE 

• 

9 

(DFGREFS) 

2o. 

fcR. 

STATIC PRESSURE 

• 

9 

(KN/Mn?) 

377,7 

?a3,o 

TOTAL TEMP. 

• 

9 

(OEG. KELVIN) 

771. 

771. 

STATIC TEMP. 

; 

(DEG. KELVIN) 


6S9. 

MACH number 

• 

9 


o,?ja 

(1.812 


ROTOR 1 

RELATIVE VFL. 
REL, FLOW ANGlF 
STATIC PRESSURE 
TOTAL temp. 
STATIC TEMP, 

REl , MACH NO, 


; (M/SEC) 

; (Degrees) 

; (KH/Mn2) 

; (DEG. KELVIN) 

; (OEG. KELVIN) 

• 

i (M/SFC) 


HUB 


inlet 

EXIT 


394. 

51. 

62. 

243.0 

182.1 

771. 

674. 

689. 

643. 

0.065 

0.784 

207. 

207. 


Bot Test, 

90% Speed 

PITCH 

inlet exit 

llB. 

595. 

a». 

68. 

377.7 

258.1 

771. 

771. 

764. 

699. 

0.210 

0.751 

PITCH 

inlet exit 

20S. 

403. 

03. 

M. 

25B.1 

183.6 

771. 

674, 

699. 

643. 

0.392 

0.803 

225. 

225. 


((kmtiaued) 

• 

90Z 

SPEED 

IIP 

inlet fxit 

118. 

369. 

20. 

67. 

377.7 

27C.6 

771. 

771. 

764. 

708, 

0.213 

0,70l 

TIP 

INLET EXIT 

176. 

408, 

33. 

40. 

270.6 

180,7 

771. 

674. 

708. 

643, 

0.334 

0.811 

243. 

243. 


whffl velocity 
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Table 19(c). NASA Core HP ’nirbine Flow Diagrams - fot Test, 90J( Speed (Concluded). 


POINT NO. 1991 qOZ SPEED 


STATOR 1 



HUB 

PITCH 


TIP 




inlet 

EXIT 

inlet 

EXIT 

inlet 

exit 

VEI nciTY 


(M/SEC) 

l|A. 

397, 

llo. 

370. 

110. 

307. 

FLOW ANGLE 

• 

9 

(DEGREES) 

20. 

69, 

2®. 

68. 

2 0. 

67. 

STATIC PRESSURF 

• 

9 

(KN/Mn2) 

378. A 

256.8 

378.0 

270.0 

378.4 

282.2 

TOTAL TEMP, 

• 

9 

(OEG. KELVIN) 

771. 

771. 

771. 

771. 

771. 

m. 

STATIC TFMP. 

• 

9 

(DEG. KELVIN) 

765. 

6G«. 

765. 

7-8. 

765. 

715. 

MACH number 

m 

9 


0,208 

0,760 

0.208 

0.703 

0.207 

0.657 

ROTOR 1 



HUB 

PITCH 

TIP 

- 



inlet 

FXIT 

inlet 

EXIT 

inlet 

exit 

relative vfl. 

• 

9 

(M/SEC) 

218. 

305. 

185, 

358. 

159. 

361. 

REL, FLOW ANGLF 

• 

9 

(DEGREES) 

09. 

62. 

90, 

61. 

29. 

60. 

static pressure 

• 

9 

(KN/Mn?) 

256.8 

208.1 

270.0 

208.9 

282.2 

209,5 

total temp. 

• 

9 

(OEG. KELvIN) 

771. 

686. 

7Tl. 

686. 

771. 

686. 

static tfmp. 

• 

9 

(DEG. KELvIN) 

698, 

660. 

708, 

660. 

715. 

660. 

REL, MACH NO. 

9 

9 


0.016 

0,676 

0,350 

0.701 

0.299 

0.707 

wheel velocity 

• 

9 

(M/SEC) 

207. 

207. 

225. 

225. 

203. 

203. 


206 
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Table 19(d). NASA Core HP Turbine Flo* Oiagraas - Hot Test, 70% Speed. 

POIfJT NO. 2671 70* SPfEO 


STATOR 1 



HUB 

PITCH 

TIP 




INLET 

EXIT 

INLET 

EXIT 

inlet 

EXIT 

velocity 

t 

(w/SEC) 

121.. 

053. 

121. 

022. 

121. 

3®6. 

FLOW ANGLF. 

m 

9 

(OFGREFs) 

20. 

60. 

2®. 

60. 

2®. 

67. 

static pressure 

r 

(KN/Mn2) 

377.0 

225.5 

377.0 

202.1 

377.0 

255.7 

TOTAL TEMP. 

m 

9 

(DEG. KELvIW) 

771. 

771. 

771. 

771. 

771. 

771. 

STATIC TFMP. 

• 

# 

(DEG. KELvIW) 

76a, 

676. 

760. 

669. 

760. 

690. 

MACH NUMpFR 

• 

9 


0.220 

0.879 

0.220 

0.812 

0.219 

0.757 

ROTOR 1 



HUB 

PITCH 

TIP 




inlet 

EXIT 

inlet 

EXIT 

INLET 

EXIT 

RELATIVE VFL. 

• 

9 

(M/SEC) 

300. 

088. 

269. 

408. 

235. 

487. 

REL. flow angle 

t 

(DEGREES) 

58. 

62. 

53. 

61. 

40. 

60. 

static PRESSURE 

• 

9 

(KN/Pn2i 

225.S 

101.0 

202,1 

106,1 

255.7 

149,9 

TOTAL TEMP. 

f 

(DEG. KELvIN) 

771. 

673. 

771. 

672. 

771. 

672, 

static TFMP. 

• 

f 

(OEG. KELVIN) 

676. 

609. 

689, 

611. 

690. 

613. 

REl, MACH NO, 

; 


0,600 

0,998 

0.518 

0.995 

o.oso 

0.9?3 

WHEEL velocity 

; 

(M/SEC) 

161, 

161. 

175. 

175. 

10®. 

109, 


i 
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Table 

19(d) 

• NASA Core HP TUrblne Flow Dlagrass 

- Hot Test, 

70% Speed 

CCootiooed) 

• 

POINT NO. 2«7| 







70X 

SPEED 

STATOH 1 



HUB 

PITCH 

TIP 




inlet 

FKIT 

inlet 

EXIT 

inlet 

exit 

VEtOrUY 

• 

9 

(M/SEC) 

121. 

051 , 

121. 

421. 

121. 

395. 

FLOW ANGIE 

% 

(DEGREES) 

20. 

69. 

20. 

66. 

2®. 

67. 

STATIC PRESSURE 

• 

9 

(KN/Mn2) 

377.1 

226.5 

377.1 

242,9 

377.1 

256.6 

TOTAL TEMP. 

m 

9 

(DEG. KELvIN) 

771. 

771. 

771. 

771. 

771. 

771. 

STATIC TEMP. 

• 

9 

(OEG. KELVIN) 

76d. 

677. 

764. 

689. 

764. 

699. 

MACH number 

• 

9 


0.220 

0.676 

0.220 

0.609 

0,219 

0.754 

ROTOR 1 



HUB 

PITCH 

TIP 




inlet 

EXIT 

inlet 

EXIT 

inlet 

EXIT 

relative vfl. 

• 

9 

(M/SEC) 

307. 

461. 

266. 

463. 

234. 

464. 

REL. FLOW ANGlF 

• 

9 

(DEGREES) 

SB. 

62. 

S3. 

61. 

46 . 

60. 

STATIC PRESSURE 

f 

(KN/Mn?) 

226. «5 

153.1 

202.R 

1S7.3 

256.6 

160.6 

TOTAL temp. 

m 

9 

(OEG. KELvIN) 

771. 

677. 

771. 

676. 

771. 

675. 

STATIC TEMP, 

f 

(OEG’. KELvIN) 

677. 

621. 

689, 

622. 

699, 

623. 

REL. MACH NO. 

t 


0.506 

0,933 

0.516 

0.936 

0.4*57 

0.937 

WHEEL velocity 

1 

(M/SFC) 

161. 

161. 

175. 

ITS. 

169. 

189, 
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Table 19(d). NASA Core HP Turbine Flow Diagraas - tot Test, 70% Speed (Continued). 


POINT NO. ?17l 







70X 

speed 

STATOR » 



HUH 

PITCH 

TIP 




inlet 

EXil 

inlet 

EXIT 

inlet 

exit 

VELOCITY 

• 

9 

(M/SEC) 

tl*>. 

030, 

119, 

000. 

119. 

380. 

FLOW ANGLE 

s 

(DEGREES) 

20. 

69. 

20, 

68, 

20. 

67. 

STATIC PRESSURE 

9 

(KN/M02) 

377.<l 

236.2 

377.0 

251.9 

377.0 

260,9 

TOTAL TEMP, 

m 

9 

(DEG. KELVIN) 

771. 

771. 

771. 

771. 

771. 

771. 

STATIC T-FMP, 

• 

9 

(DEG. KELVIN) 

760. 

680. 

760. 

696. 

760. 

TOO. 

MACH number 

m 

# 


0.217 

0.838 

0.217 

0.775 

0.216 

0.723 

ROTOR 1 



HUB 

PITCH 

TIP 

- 



INLET 

EXIT 

IMET 

EXIT 

inlet 

exit 

RELATIVE VEL. 

• 

9 

(M/SEC) 

290. 

197. 

251. 

005 . 

220. 

007. 

REL, FLOW angle 

• 

9 

(Degrees) 

58. 

62. 

52. 

61. 

07. 

60, 

STATIC PRESSURE 

• 

# 

(KN/Ma^^ 

238.2 

183.9 

251,9 

186.7 

260,9 

189.0 

TOTAL TEMP, 

• 

9 

(DEG. KEIvIN) 

T71. 

687. 

771. 

666. 

771. 

666. 

STATIC TEMP, 

• 

9 

(0EG‘. KELVIN) 

680. 

609. 

696. 

609. 

700, 

609, 

REL, MACH NO. 

• 

9 


0.561 

0.786 

0,080 

0.799 

0.019 

Q.80S 

WHEEL velocity 

• 

# 

(M/SEC) 

161, 

161 . 

175. 

175. 

189. 

189. 



6oe 
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Table 19(d). NASA Core HP Torbine Flo* DiagrMis 
I97| 

HUB 

inlet exit 


- Bot Test, 70% Speed (Coecluded). 

70S 8PFED 

TIP 

INLET EXIT 


POINT NO 

STATOR 1 

VELOCITY 
FLOW ANGLE 
STATIC PRESSURE 
TOTAL TEMP, 
STATIC TEMP, 
MACH number 

ROTOR I 

RELATIVE VEL. 
REL, FLOW angle 
STATIC PRESSURE 
TOTAL TEMP. 
STATIC temp. 
REL. MACH NO. 
WHEEL VELOCITf 


i (M/SEC) 

? (DEGREES) 

I (KN/MH2) 

S (DEG. KELvINT 
S (DEG. KELVIN) 
t 


f (M/SEC) 

f (DEGREES) 

; (KN/Mn2) 

; (OEG. KELVIN) 
; (OEG. KELVIN) 
i 

S (M/SEC) 


IIT. 

416. 

20. 

69. 

377,8 

246.1 

771. 

771. 

760. 

691. 

0.213 

0.801 

HUB 

inlet exit 

273. 

364. 

57. 

62. 

246.1 

201.8 

771. 

693. 

691. 

663. 

«,5?S 

0,713 

161. 

161 . 


PITCH 


INLET 

EXIT 

117. 

388. 

20. 

68. 

377.8 

260.9 

771. 

771. 

764, 

702. 

0.213 

0.741 

PITCH 

inlet exit 

237. 

373. 

51. 

61. 

260.9 

203.9 

771. 

693. 

702. 

663. 

0.4S2 

0.730 

175. 

175. 


117. 

364. 

• 

e 

CM 

67. 

377.8 

273,2 

771. 

771, 

764. 

709. 

0.212 

0.691 

TIP 

INLET 

exit 

206. 

376. 

45. 

60. 

273.2 

205.7 

771. 

692, 

709, 

663, 

0.390 

0,737 

189. 

189, 





APPENDIX C - COMPARISON OP DOWNSTREAM WALL AND PROBE 
KULXTE MEASUREMENTS 


Appendix C contain! conparlaona of the wall and probe Kulitc measure- 
ments downstream of the 3-etags low preaaure turbine. 
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Table 20. Thr««-St;age Low Praaaura Turbina, 


Point 3042 


Fund. Freq., 
Ha 

Wall 

K5 

Downatream SPL 

Probe 

K9 

Wl 

83 

115 

113 

114 

160 

126 

126 

126 

300 

144 

134 

139 

400 

150 

130 

150 

750 

143 

136 

139.5 

1,000 

139 

141 

140 

1,175 

136 

123 

129.5 

2nd Harmonic 

Hz 

K5 

K9 

SPL 

167 

(103) 

(105) 

104 

320 

127 

110 

118.5 

600 

128 

122 

125 

800 

118 

124 

121 

1,500 

120 

126 

123 

2,000 

125 

115 

120 

2,350 

123 

119 

121 


Table 21. Three-Stage Low Pressure Turbine, 

Downstream SPL 

Point 4042 

Fund. Freq. , 

Wall 

Probe 


Hz 

K5 

K9 

SPL 

83 

118 

114 

116 

125 

129 

117 

123 

300 

141 

127 

134 

400 

147 

138 

142.5 

750 

140 

141 

140.5 

1,000 

139 

141 

140 

1,175 

2nd Harmonic, 

120 

129 

124.5 

Hz 

K5 

K9 

^L 

167 

106 

104 

105 

250 

127 

118 

122.5 

600 

122 

122 

122 

800 

117 

118 

117.5 

1,500 

119 

125 

122 

2,000 

112 

113 

112.5 

2,350 

126 

114 

120 


( ) Broadband Level 
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APPENDIX D - TYPICAL HIGH RESOLUTION NARROWBAND SPECTRi^ AND 
TYPICAL COHERENCE SPECTRA 


Anpcndlx D contain! 
cold Iniot and hot Inlat 
apactra from 1-ataga and 


typical high caaolutlon narrowband apactra from 
high praaaura turblna taata and typical coharanca 
3-ataga low praaaura turblna taata. 
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Sound Pressure Level, dB Sound Pressure 


|i • High Pressure Turbine 

I e Siren - 37 ? RPM 

l! e Inlet Temperature > K 

?i e Inlet Pressure ■ 389.6 kN/m® 

H-' 

i e P„ - 2.1 I N/Vt - 10096 

t • K 


I’ Fundamental 



Frequency I Hz 



Frequency, Hz 


Figure 38. Typical High Resolution Narrowband Spectra 
(Cold Inlet HPT). 
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Sound Pressure Level, dB Sound Pressure Level 


• High Pressure Turbine 
e Siren * 900 ftPM 

• Inlet Temperature • K 

e Inlet Pressure « 389*6 kN/m® 

e Pjj - 2.1 \ n/\Tt - 909i 


€ 


170 r 


Fundamental 


Upstream 


y 


150 

130 

110 

90 

70, 


2nd 




I .L. I 1 J U 


400 8 db 1200 1600 2000 

Frequency I Hz 


Downstream 



Figure 59. Typical High Resolution Narrowband Spectra 
(Cold Inlet HPT). 
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Sound Pressure Level, dB Sound Pressure Level 



Sound Pressure Level, dB Sound Pressiire Level 


f 


• High Pre*«ur8 Turbine 

• Siren » 2250 RPM 

• Inlet Temperature ■ 783 ° K 

• Inlet Pressure ■ 389*6 kN/m“ 
S Pjj - 2.1 I N//t » 100 % 


€ 


Upstream 


160 

140 

120 

100 

80 



Fundamental 
^ 2nd 


3 rd 




-I— , I I i 1 , „ I 


1000 2000 3000 4000 5000 

Frequency! Hz 



Figure 61 . Typical High Resolution Narrowband Spectra 
(Hot Inlet HPT), 


I 


I 






216 



s 

I 

I 

j 

f 

i 

5 

I 


• High Pressure Turbine 
e Siren = 2250 RPM 
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Figure 62. Typical High Resolution Narrowband Spectra 
(Hot Inlet HPT). 
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Figure 63. Typical High Resolution Narrowband Spectra 
(Hot Inlet HPT). 
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Figure 64. Typical High Resolution Narrowband Spectra 
(Hot Inlet HPT). 
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Figure 05. Typical Coherence Spectra (1-Stage LPT). 
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Figure 66. Typical Coherence Spectra (3-Stage LPT), 
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Figure 67. 


Typical Coherence Spectra ( 3 -Stage LPT). 


RBFPtlMClS 


1. Uartndi R.P., KummUAi H.P., Roundhlll» JtP.{ "Cort Bntlns Noise," 

AIAA Asro-Acoustles Confsrsncs, Pspsr No. 73-1027, Octobor 1973. 

2. Chiu, H.H., Plstt, E.G. , Suamerfltld, H. ; "Noiss Gensrstion by Ducted 
Conbustion Systems," AXAA Asro-Acoustles Conference, Peper No. 73-1024, 
October, 1973. 

3. Ho, P.Y., end Tsdriek, R.N. ; "Combustion Noise Prediction Techniques 
for Smell Ges Turbine Engines," Gerrett-AiReseerch Report No. SD-6006, 
Mey 1972. 

4. Arnold, J.S.; "Gensrstion of Combustion Noiss," J. Acoust. Soc. Am., Vol. 
52, No. 1, July 1972. 

5. Motsingsr, R. ; "Prediction of Engine Combustor Noise end Corrsletlon 
with T64 Engine Low Frequency Noise," G.E. Report No. R72AEG313, 

October 1972. 

6. Bekofske, K. ; "Attenuetion of Acoustic Energy Across e Blede Row," 

Report No. 73CRD342, Gsnerel Electric Compsny, December 1973. 

7. Mette, R.K. , Sendusky, G.T., end Doyle, V.L. , "Core Engine Noise Investl-' 
gation Program - Low Emission Engines," General Elecuie Company, 

DOT/FAA Report No. FAA-RD-77-4, February 1977. 

8. Emmerling, J.J. end Bekofske, K.L. , "Experimental Clean Combustor 
Program Phase II, Noise Measurement Addendeum," NASA CR 135045, 

January 1976. 

9. Kazin, S.B. and Matta, R.K. , "Turbins Noise Generation, Reduction and 
Prediction." AIAA Paper 75-449, March 1975. 

10. Kazin, S.B. , Matta, R.K. , et al. ; "Core Engine Noise Control Program^ 

Vol. Ill - Prediction Methods," General Electric Company, DOT/FAA 
Report No. FAA-RD-74-I25, III, August 1974. 


223 



